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SUMMARY

A number of analytical models were gencrated by Arthur D. Little,
Inc. for the U.S. Coast Guard during the development of the Chemical
Hazard Response Information System (CHRIS) to delineate the behavior
of the chemicals when spilled on water and to calculate the hazard
presentad by the spills. Models were made of phenomena such as liquid
spread and fire, dispersion of vapor, radiation from fires, and dis-
solution and dispersion in water of a variety of chemicals. The
primary purpose of the development of such analytical models was to
provide the United States Coast Guard with a predictive tool and

capability to estimate the extent of hazard zones and based on the

results of such calculations to take appropriate response action in ¥

the case of a real chemical spill situation.

Most of the models developed by Arthur D. Little, Inc. under
Phase 1 of the model development task of the CHRIS program were
presented to the United States Coast Guard in a report in 1973 (CHRIS
Manual 3, Analytical Models in Support of the Hazard Assessment Hand-

AT O T o

book - DOT-CG-24,665A, July 1973) and the physical system formulations
and the mathematical analysis were published,as an NTIS report dated

January 1974 (NT1S #AD776617).

The rationale behind the development of the physical models

LD, adil
L

described in the above reports was to group the chemicals according to

certain of their physical and chemical characteristick. A hazard
assessment tree was formulated, the branches of which represented
various physical mechanisms that different chemicals undergo, such as
surface boiling, evaporation, sinking and dissolution, etc. Each
branch ended in a hazard situation such as vapor dispersion or fire

(thermal radiation hazard) or water pollution. In developing the

analytical models described in the above two reports, the best available

N i

information from the literature, together with well established procedures

of physical modeling, were used.

f
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In Phase 1 of modeling, not all the possible physical phenomena
that the chemical could undergo when spilled on the water surface ware
! considered. For example, the sinking and spreading on the riverbed
: and subsequent dissolution of a slowly dissolving chemical had been

left out even though there were several chemicals belonging to this

category. Other models where the mode of release was important in .

the estimation of the hazard had not been thoroughly analyzed. An

o

example in this category 1s the continuous release, spread with fire

of a cryogenic, flammable, liquefied gas.

el

! This report presents the vesults of the Phase II effort under

L,

the CHRIS project. This effort consisted of modeling various physical

phenomena that occur following chemical spills on water and those :
'y hazards presented by the marine transportation of a variety of chemicals.
Six primary models presented in this report encompass a wide spectrum

of physical phencacna, ranging from the sinking to and spreading on

i the river bed of heavier than water chemicals to the specific explo~

ol

sion hazards presented by exposure to fire of a pressurized propylene

b oo i i

barge. In general, the wodels are applicable only to liquid chemiecals.

f: Described b2low are the models, their objectives, achievements, limitations,

Ml

and their usefulness to the USCG in the task of hazard assessment.
More detailed descriptions of these modcls are presented in the following

chapters of this report.

£ T T

The model describing the sinking and spreading on the riverbed of ) | 3
heavy insoluble liquids 1s described in Chapter I. The dissolution 3f
and dispersion of chemicals with finite but low solubility is considered
in Chapter 1I. The dissolution of cold soluble chemicals when released

underwater is discussed in Chapter III. Chapter IV deals with the

results from a series of laboratory experiments ir which o0il was spilled
on water at a continuous rate. Theoretical analysis of the spread
problem without and with mass loss of the continuosly spilled 1liquid

is also given in Chapter IV. In Chapter V, the heating and rupture of

e e Tl el ke e S
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a pressurized propylene tank (on a barge) exposed to fire is medeled.
Chapter VI is an extension of Chapter V and contains the calculations
for estimating the cooling (by a water spray) needed to prevent the

propylene tank from rupturing when exposed to fire. Modeling of the
reaction between water and three specific reactive chemicals 1s given

in Chapter VII.

Chapter 1: Sinkinpg to and Spreading on the River Bed of an Insoluble,

Heavier Than Water, Liquid Chemical

The model considered in Chapter I on the sinking and spreading
of heavy insoluble liquids on river beds 1is in two parts. The first
part deals with the sinking of the liquid in the form of globules to
the river bed. Methods have been developed to estimate the size of
the globules, their trajectory (the distance from the spill point to
the impact point on the river bed), and the time required for sinking.
Established theories of liquid drop breakup have been utilized, The
second part of the chapter presents the model of the spreading of the
liquid on the river bottom. This model is based on a two-stage spread,
the first being controlled by the gravity-inertial forces and the second
stage by the hydrodynamics of the flow in the river. This model resul®s

in a description of the shape of the pool and the duration of spread.

The usefulness, achievements, and limitations of the wmodel

discussed in Chapter I are given below.

Usefulness to USCG

e The model presented forms an important part of and an
essential input for calculating the dissolution rates of
slowly dissolving, sunken liquids. Hence, it is an
extremely useful model in that the hazard from heavy,

dissolving chemicals can now be made.

Achievements

® Wc have developed the mathematical tools to predict the

location of impact of the heavy liquids on the river bed

for a given surface spill location. In addition the

il

il
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spreading time on the ground and the final area of spread .

have been modeled. Such a model was not previously available

in the literature.

Limitations

Because of the s:veral assumptions made in the derivations, tlere p

are certain limitations imposed on the model. These are as follows:

® Knowledge of bed rouphness is needed since predictions are

quite sensitive to this number.

e ™. spreading model assumes iustantaneous relcase on the

river bed. However, example shows that sinking time is
large compared te spreadiag time. The instantancous
release assumption ] rads to an under estimation of the
time of s.read, but has very little effect on the dis-
solution calculations. As such the effect of this

assumption on hazard assessment is minimal.

e The model 1s valid only for a turbulent river. No
account is taken of the possible grade in the river bed,
vortices or undulatory in the water body. Estuary regions
have not been explicitly considered, but the results may
be applicable to estuary regions during the ebb and flood

flows, when considered seapartely.

Chapter II: Dissolution and Dispersion of Chemicals of Finite Solubility

This chapter presents the models for the dissolution and dispersion

in water of chemicals that are soluble in low concentrations. For

heavier than water chemicals, the sprecad model developed in Chapter I

is used together with well-established mass transfer correlations to
obtain the dissolution rates, A significant result derived in this

) chapter is that the shape of the pool has small effect on the dissolution
rate. Alsc, another derivation has been given which modifies the standard
§ mass transfer correlations (for flow over a flat plate) taking into

account the fully developed character of the vclocity distribution in

the river.




Fer lighter than water chemicals, the dissolution rate is estimated
by using eddy diffusivity surface renewal theories. The validity of

predictions of these theories has been well established in the literature
by aeration experiments in rivers.

For both heavier than water and lighter than water chemicals, the

impertant result of interest is the dissolution rate. Once this rate
is established for a

giveu chemical, it can then be used in dispersion
wodels to obtain the concentration of the chemical in the river, For
the heavy chemicals, a line source model is developed, and for the
lighter than water chemicals, a traveling, expanding volume source

model is developed.

The usefulness, achievements, and limitations of the models
discussed in Chapter Il are given below.

e ot e A, A R

Usefulness to USCG

T

® A mathematical tool has been provided to predict the pol-

ol e

lutant concentration, its timewise variation and the

M

v duration for which the pollution lasts at any staticn
within a river, for the slow dissolution of a chemical.
Based on the predictions, USCG can take appropriate

. action, such as alerting the cities downstream, or

salvaging the chemical by dredging the river bottom, etc.

L Achievements é
8 These models: 4
# Predict the dissolution rate of slowly soluble chemicals, :
settled at the river bottom. 3
3
e Show the insensitivity of the total dissolution rate to :

- the shape of the "liquid" pool on the river bed.

e Describe dissolution in a turbulent stream in which the

il

hydrodynamic boundary layer is completely developed and

the mass transfer boundary layer still developing.

b il
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@ Predict the rate of dissolution of a floating liquid on
water, using well established surface renewal theories

and experimental data on aeration of rivers,

e Describe dispersfion in rivers with stationary area source

and sources moving with the stream.
Limfitations
¢ The wmodels give a simplistic view of the river as a

channel in which fully developed water flow occurs.

¢ They do not take into account fluid flow peculiarities
due to large rocks, vortices, ete. on the river bed,

disturbances due to bridges, piers, etc.

® The models are applicable only for a unidirectional flow

and not for estuaries.
e There is a lack of experimental data for backup.

Chapter 117: Dissolution of Cold and Soluble Chemicals Under Water

The release of cold and soluble chemicals under water and tue
calculation of their dissolution rates in water have been considered
in Chapter I1l. The models developed are for liquids whose boiling
temperatures are conniderably lower than the ambient water temperature
and whose liquid densities are higher than that of water. Therefore,
when these liquids released under water, they boil. Two kinds of
dissolution of the liquids are considered. The first model deals with
the dissolution of vapor formed. The effect of variation in the hydro-
static pressure on the dissolution rate during the ascent of vapor
bubble is also considered. The second model deals with the non-

dissolving but boiling phenovmenon.

The specific cxamples consideved indicate that the distances
over which a liguid drop-vapor combination rises before all the liquid
is evaporated are relatively short and that even for shallow depths of

release (of greater than 10 fceet), appreciable amounts of vapors dis-
solve 1n water.
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The usefulness, achievements, and limitations of the models

discussed in Chapter 11T are given below.

Usefulness to USCG

A mathematical tool has been developed to predict the
rate of bolling and dissolution of a liquid chemical
(whose bolling temperature is lower than that of the
ambient) when released at different depths. Depending
on the chemical and the type of pollution that can be
tolerated, deliberate lcaks at controlled ratc and depth
may be undertaken by USCG from, say, a disabled barge.
In such cases, the pellution hazard can be calculated

using the models presented.

Achicvements

e TPreuictions of time to risc

Two kinds of dissolutions have been analyzed:

~ Gas bubbles dissolving when released underwater; and

- Liquid boiling without dissolving, when released
underwater.

to the surface as well as

the amount of dissolution/boiling duriug the upward

sojourn cf bubbles or liquid drops have been made.

Predictions of water pollution and air pollution

°
have been given.

e Discussions of the peculiarities in boiling of liquid
drops in 2nother liquid have been given.

e A speclfic exanple to predict the dissolution rate

on n-Butane has been worked out,
Limitations
& Existfng heat and mass transfer (or relations) wvere
uscd without regard to the rapidity of rhe reaction.

”,_UL[ s T
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o The effect of pressure variations on boiling temperature

was not considered,

¢ It was an assumption that even though the liquid is
heavier than water, the combined vapor-liquid system

is lighter than water and therefore rises.

o There 1s a lack of experimental data to extend the methods

of analyses indicated to other chemicals.

Chapter TV: Spreading on the Water Surface of a Continuously Released

Lighter Than Water Immiscible Liquid

Chapter IV deals with the general problem of the spread of a
lighter than water liquid on the water surface when released con-
tinuously. The chapter is in four parts. The first part describes
the details of an experimental study of the spread of oils on water
(when released at a constant flow rate). The experiment consisted of
releasing oil at a steady rate on the surface of water taken in a
trough and photographing, on movie film, the development of the slick
in time. Three types of oils, namely, detergent motor oil, non-
detergent motor oil, and castor oil, were used in the study. The
significant result {rom the study was that the rudius of the spread
front increased in direct proportion with the square root of time after
spill.

The sccond part of Chapter IV presents a theoretical analysis of
the problem. The model developed uses ihe ideas of hydraulic jump in
liquids and Pohlhaussen's technique to evaluate the spread radius as
a function of time. Only the global mass conservation equation coupled
with the small amplitude wave velocity equation were used in this analysis.
The results indicate that in a brief initial period, the radius of spread
increases directly as time and later it varies as the square root of
time, agrecing completely with the experimental evidence. In the

third part, the analysis 1s extended to take into account the mass loss

by evaporation in the case of spread on water of a uniformly released
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cryogenic liquid. The result indicates that the time tuv spread to
the final maximum area, consistent with the release rate, can be
significant. Finally, in the last part of Chapter IV, an analysis
and methodology are given for calculating the thermal radiation
intensity and dosage from a fire on an expanding pool of flammable
11quid which 1s being released uniformly. The calculation includes

the results obtained in the earlier two parts.

The usefulness, achievements, and limitations of the models

discussed in Chapter IV are given below.

Experimental Investigation of Continuously Released 0il Spread on Water

Usefuliess to USCG

e Experiments add teeth to any theory, and as such, the
results of oil spread experiments avre very useful. 1In
addition, because of the dimensional analysis, the results
could be extrapolated to large spill sizes. It is essential
for the USCC to have this information to prevent the off-
shore oil spills from polluting the beaches.

Achievements

¢ The radius of continuously r2leased oil on water has been

observed to grow as the square root of the time.

e 011 properties other than the density do not seem to have

and effect.

® A dimensional analysis method has been developed to cor-
reiate a considerable amount of data from experiments in

which parameters vary over orders of magnitude.

¢ A contribution has been made to pollution literature where
data and analysis do not exist to characterize continuously

releascd oil spread.




Anaiytical Modeling of Release, Spread, and Fire Hazard Due to a QE'
Continuous Release of Cold Liquefied Gases 3

Usefulness to USCG ¥

® Depending upon the type of liquid that 1is being spilled
(oil, LNG, etc.) and the duration over which spill has
occurred, remedial action can be taken, because cal-
culations of the size of the spill at the given time can
be wade from the above models. For example, the length
of boom necessary to contain an oil spill may be calculated
easily. In the case of expanding pool fire, the distance

to the radiation hazard can easily be obtained.

o Because of the prediction by the thermal hazard distance
by the model, corrective action may be taken well in

advance before receiving, say, an LNG ship into a port.

Achievements

e An experimental program to determine the rate of spread

of 0il released continuously has been completed.

o An analysis of the above problem has been made which

includes:
- Modeling the spread of a non-evaporating liquid

(such as o0il) on water when released continuously;

~ Modeling the spread when mass loss is also present,
as in the case of cold liquefied gas boiling, is

achieved and;
- Thermal radiation from expanding burning pool.

¢ The mathematical models developed involved very difficult 3
concepts rendered simple hy making suitable physically

valid assumptions, N

¢ Predictions of the model for non-evaporative spreading

agree with experimental evidence extremely well.

® Piedictions of sprecad time and hazard distance for LNG

spills on water give values which are close to what one

would "expect" by expericnce.

10




Linitations

e A complete set of the extremely complicated non-linear

differential cquations could not be solved,.

8 There is a lack of experimental backup for the case of

spread with mags loss,

Chapter V: Heating, Rupture, and Release of a Pressurized Cargo

in a Fire

The specific problem of the heating of a tank on a barge exposed
to fire 1is considered in Chapter V. The object of the analysis is
to calculate from models che time to rupture of a tank exposed to
fire. The methodology used in the anal?sis is very general and
could be applied to the study of any tank configuration, heat source,
or chemical in the tank. For the sake of illustrating the methodology,
a pressurized propvlene tank on a barge exposed to two different kinds

of fire scenarios 1s considered.

In the first fire scenario, the fire is external to the barge,
in which case the entire top of the tanx is exposed to the fire. In
the second case, a "hold fire" is considered. The method of analysis
in each case involves writing down appropriate thermodynamic and
energy equations for different "thermodynamic systems" within the tank

and also accounts for the heating of the tank walls.

The results from the analysis indicate that the vents provided are
adequate to handle all of the vapor that would be generated by exposing
the tank surface above the rain shield to a flame radiation of 30,000
Btu/hr ftz. The tank failure occurs due to the overheating of the wall
in contact with wvapor and its consequent strength reduction. The

estimate of the time of rupturz varies between 16 and 20 minutes.

The usefulness, achievements, and limitations of the models

discussed in Chapter V are given below.

i
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Usefulness to USCG

e The time at which the tank is 1likely to rupture can
be quickly obtained.

Achievements

it il

o A complete and rigorous model has been developed for

pressure rise in the tank, taking into account the
variability of propylene property with temperature

and pressure,

b

o Timewise description of pressure and steel wall

il il m

N temperature has been given.

e Prediction of time of rupture has been made,

il e

® Two possible fire situations have been considered.

il

o The computer program developed can be utilized for

any other liquid or tank size.

Lot BRI - . il

Limitations

v Several physically valid assumptions which have not,

however, been fully justified by experiments, have

w2l

been made.

e In some cases, overly conservative assumptions have

been made.

e Model predictions have not been checked against available iy
data from a large-scale test conducted by DOT with propane

railroad tank cars.

3 Chapter VI: On the Cooling by Water Deluging of a Propylene Barge

it

Tank Exposed to Fire

The analysis presented in Chapter VI can be summarized as an

extension of the analysis in Chapter V. The significant question that

arises when a barge containing a pressurized liquid is exvosed to a

i,

fire is "whether it is worthwhile and safe to cool the tank exposed

to fire by spraying it with water from a fire boat." The analysis

12
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presented in this chapter attempts to partially answer this questilon.
However, because of the several unknowns in an actual situvation and
the nced to assume certain idealistic conditions in a4 mathematical

analysis, the resulls presented should be viewed with caution.

The analysis presented calculases both the amount of water

needed to significantly cool the hot taunk wall and the time for

cool down. It is scen that the time for cool down is short. Also,

the amount of water needed to cool the entire surface of a typiceal
propylene barge tank 1s well below the rated delivery rates from

conventional flre boats. llowever, there exists a possibility that

all of the sprayed water is not unifoimly distributed over the tank

surface ~ a crucial assumption made in the theory.

The usefulness, zchievements, and limitations of the analysis

presented in Chapter VI are given below.

Usefulness to USCC

The analysis presented indicates that the water throw capacity
of the existing fire beats is sufficient to cool the propylene barge
tank surfiuce su that the tank pressure does not rise due to exposure
to fire. ilowever, considerable judgement has to be used before a
fire boat can he sent to the vicinity of an already fire exposed tank,

because of the possibility of explosion of the tank.

Achievements

® A simplified unalysis of an exceedingly complicated physical

phenomena has been accomplished.

e The analysis gives overall estimates of the water requirement
- to cool the tank surface, the wall temperature history and
the tiwe to cool of a propylene tank exposed to fire.
Limitations
e Because the effect of the thermal stresses that may develop

during the tank wall coolling lias been neglected in the

analysis, 1t Is not possible to make a strong recommendatilon

sl
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as to whether spraying the hot tank wall with water is
desirable. There may occur situvations where water spraying

and the resulting non-uniform thermal stress would cause

an early rupture of the tank. One 1s not even sure that
consideration of the stresses (thermal) would lead to
better predictions, because there is always the uncortainty
over the uniformity of tank wall coverage by the water

spray. As such the results of this model should be used

I ;Mmm\u-ubﬂmm i .}MM M:‘M.WW g

only as an aid to the hazard analysis and decislons have to

be taken on the basis of experience and scientific judgement.

il

Chapter VII: Reactive Chemical Models

A few important chemicals which are transported in bulk on

il

waterways react with water if spilled. To evaluate the hazards resulting

L

from such spills, one must consider the products of reaction in addition

to the original spilled chemical, Each situvation is, in fact, a g

specific case. Some chemicals react very rapidly, and it is then a

‘5

good assumption to neglect any downstream hazards except those due to

the ovoducts. In most cases, however, the chemicals react at finite

rates and, in a hazard analysils, the rcaction kinetics and heat and

mass transter limitations must be examined to determine the rates of

sl

decomposition. Since a general model cannot be developed, the probleas
involved in modeling reactive chemical spills are illustrated by example
cases, Three chemicals were chosen for three completely different

ways in which they react with water, These are considered in Chapter
VII.

- L

Chlorosulfonic acid typifies a chemical that reacts alwost instan-

taneously. Phosgene and nitrogen dioxide were selected as reaction

rates are slower and, in many instances, are limited by mass transfer
limitations. In all three cases, the physcial properties of the chemicals

are discussed and the reaction kinetics and mechanism outlined. With

B
.
3

this framework, the consequences of spills are considered and the rates

of product generation calculated.




It must be emphasized that the predicted rates of decomposition

are bascd on theory; no experimental data exist to confirm the estimates.

It is felt that the models developed increase the variety and ;é

the range of chemicals that now are Ledng considered in the hazard

evaluations in CHRIS, As indicated earlier, most of the models are

1.
1o
¥

based on theorctical formulation of the real life physical problems

encountered in chemical spills; however, the best available information
from the literature and well established modeling procedures were ;@
used. However, the only way that one can be sure of the accuracy

of any theoretical prediction is to test the theory against certain

controlled experiments., We therefore recommend that several experimental

programs be undertaken within the scope of chemical spill models.

The usefulness, achievements, and limitations of the models

developed ¢in Chapter VII are prescented below.

&

Usefulness to USCC,

The models developed indicate the variety of ways in which

v individual reactive chemicals can react with water. These analy:sos

show that each chemical belonging to the '"reactive chemical' group

has to be considered separately.

b The examples given in this chapter identify the types of hazards
' and the extent of hazards to be expected from reactive chemical. The
modeling has served a uvseful purpose in indicating the variety and the

extremely complicated nature of modeling reactive chemicals.

Achievements

¢ Three chemicals having considerably different reactive
! characters have been chosen and their reactions with

water analyzed.

® Reaction rates have heen calculated and dissolution

1 rates of products of reaction analyzed.

15




Limitations

: ® Only 3 chemicals have been considered out of a great

nunber of possible candidates.

¢ In the case of the reaction of chlorosulfonic acid

with water, no reaction rate calculations have becen

b made, because of the rapidity of reaction.

e The dynamics of spills do not form a part of the analysis.

The present report describes seveval models that have been

developed to bridge the gap that existed in hazard evaluation methodology.

However, the modeling is far from complete. Such phenomena as poly-

merization and degradation of chemicals have not been considered.

Also, the behavior of solid chemicals and semi-liquid chemicals have

i
',
|

[

not been touched upon at all., Finally, it is to be noted that all of

the models presented in this report are theoretical models, only a

few of which have direct experimental backing. This does not, however,
mean that the physical systems are not properly modeled. The only
question 1s one of adequacy, berause nature in its infinite variety

of behaviors has on occasion acted irn completely different wavs than

assumed by a theoretician. The only way to be sure of both modeling

and its applicability (when extrapolated) to large reual-size spills

"

is to first conduct several scaled experiments on all, or at least

sl

some of the theoretically modeled phenomena.

i .
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BACKGROUND

A number of analytical models were generated during the development of
the Chemical Hazard Response Information System {CHRIS) to delinecate the
behavior of the chemicals when spilled on watcr and to calculate the hazard
presentcd by the spills. Phenomena such as liquid spread and fire, disper-
sion of vapor radiation from fires, and dissolution and dispersion in water
of a variety of chemicals were modeled. The primary purpose of the develap-
ment of such analytical models was to provide the United States Coast Guard
with a predictive tool and capability to estimate the extent of hazard
zones and based on the results of such calculations to take appropriate

response action in the case of a real chemical spill situation.

Most of the models developed under Phase T of the model development
task under the CHRIS program have been presented to the United States
Coast Guard in a report in 1973, and the physical system formulations
and the mathematical analysis have been published as an NTIS report
dated January 1974. The rationale behind the development of the physical
models described in the above reports was to group the chemicals according
to certain of their physical and chemical characteristies. A hazard
assessrent tree was formulated, the different branches of which represented
different physical mechanisms that different chemicals undergo, such as
surface boiling, evaporation, sin-.inpg and dissolution, ete. Each branch
ended in a hazard situation such as vapor dispevsion or fire (thermal radi-
ation hazard) or water pollution. In developing the Analytical models
presented in the above two reports, the best available inforwation from the
literature, together with well established procedures of physical modeling,

were used.

In Phase I of modeling, not all the possible physical phenomena that the
chemical could undergo when spilled on the wateyr surface were considered.
For example, the sinking and spreading on the riverbed and subsequent
dissolution of a slowly dissolving chemical had been left out even though
there were several chemicals belonging to this category. Other models
where the mode of reclease was important in the estimation of the hazard
had not been thoroughly analyzed. An example in this category is the

continuous release, spread with fire of a cryogenic, flammable, liquefied

gas.

17
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In the present report, several models have been developed to bridge 3

the gap that cxisted in hazard evaluation methodology. However, the modeling L

is far from complete. Such phenomena as polymerization and degradation of

chemicals have not been considered. Also, the behavior of solid chemicals and

somi~liquid chemicals have not been touched upon at all, Finally, It is to 3

be noted that all of the models presented in this veport are theoretical

a3 wodels, only a few of which have direct experimental backing. This does '3

. not, however, mean that the physical systems are not properly modeled.

The only question is one of adequacy, because nature in its infinite

variety of behaviors has on occasion acted in completely different ways

; than assumed by a theoretician. The only way to be sure of both modeling
v

y and its applicability (when extrapolated) to large real-size spills is

to first conduct several scaled experiments on all, or at least soue, .
of the theoretically modeled phenomena.
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CHAPTER 1

SINKING TO AND SPREADING ON THE RIVER BED OF AN
INSOLUBLE, HEAVIER THAN WATER LIQUID CHEMICAL

OB.JLCTLVES

The objectives of the analyses presented in this chapter are
to calculate the following for the spill on the water surface of a

slowly dissolving liquid chemlcals

e 'The distance from the spill location on the water surfacn

at which the liquid reaches the river bed.

e The spread time, shape, and maximum area of spread of the

liquid pool on the river bed.
INTRODUCTION

The ever-increasing maritime traffic on the navigable rivers
within the United States poses threats of collision accidents
between ships, ship and barge, barge and barge, and so on. A
variety of chemicals are carried in barges. Some of these chemicals

are either insoluble in water or have very low solubility.

Many towns and cities along the river banks use the river water
to suppls the drinking water needs of the communities. Therefore, a
chemical gpill in a river may produce a public health hazard. In
addition the aquatic life in the river itself may also be affected.
If the chemical that is spilled is totally insoluble in water and
does not react with other dissolved chemicals, then there does not

exist any threat from the spilled chemical. However, some chemicals

dissolve slowly, resulting in a long duration hazard. Slow dissolution

implies low chemical concentrations in water which, howevev, does
not necessarily mean a smaller hazard zone.

hazardeus to human health and to aquatic life even in very low con-

centrations. Therefore, there exists a need to understand and be

able to predict the dissolution rates of slowly dissolving chemicals
in streams.

19
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When the chemical is a liquid and heavier than water, it is very
likely that the liquid will break up into globules after it 1s spilled
on water. These globules will be carried downstream by the stream
current and at the same time tend to settle down. The locatlon of
the point of contact of the liquid globules and the river bed depends
on the size of the globules, the stream velocity, and the stream
turbulence. This problem of the liquid breakup and settling is
analyzed In Sectfon 1. The major assumption made in this analysis
is that there Is no dissolution of the chemical during the settling
process. This is in keeping with the very low solubility of the
liquld chemical.

When the liquid globules .reach the river bed, they may again
coalesce and form a liquid pool on the bed surface. This pool will
spread by the actlon nf both gravity (the liquid being heavier than
water) and stream current. In Section 2, this spreading problem is
analyzed. The final area of spread and the shape of the pool are
important parameters unecessary for the calculation of the pollution
hazard. The dissolution and dispersion models are treated in
Chapter Il of this report. It is expected that the results [rom
this chapter will be inputs to and complement the analyses presented

in Chapter I[T1.

THEORET LCAL DEVELOPMENT

Section 1: Rate of Settling in a Stream of a Suddenly Released,

Heavier than Water, Liguid Chemical

When a blob of heavier than water liquid is spilled on water,
it breaks up into smaller globules of liquid during the process of
sinking. A wide spectrum of liquid drop sizes arc cxpected to be
formed during the breakup process. However, fron the considerations
of the equilibrium between dynamic forves caused by the motion and
the surface tension forces, it can be shown that drop sizes above

*
a certain mean radius cannot exist. Such an analysis has already

The word "mean' reters to the average value of an odd-shaped blnb and
does not refer to the nnsemble average size of the different sized
liguid globules.
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been performed, and the details are given 1n a report to the USCG,
For the calculations presented below, we use this maximum radius as

the characteristic radiuvs of the blobs. This radius is piven by

0
R = 1.874|=——mm—re (1)
Js(ouq Py
where
R = radius of the largest stable liquid drop

The terminal velocity of the largest drop is given by

. 1/4
u=2.07(8 (e (2)
Dkf- Ow

Equation 2 indicates that the terminal velocity is dependent on the
properties of liquid and water. Implicity the size of the drop has
been included in equation 2. Also equation 2 is correct only 1if

the drag coefficient is a constant which is jindeed the case when

the Reynolds number for drop motion is in the "highly turbulent"
region (Red > 103). However, when one considers the fact that all
these drops are falling down in the stream under the action of gravity
and are continuously accelerated until the terminal velocity is
reached, it 1s clear that the drag cocefficient varies (decreases)
continuously. 1In the case of small drops, this rate of settling

may be impeded by the stream turbulence, i.e., the fluctuating
components of vertical velocity in the stream. This latter phenomena
may result in the suspension of the small diameter liquid drops in

the stream. Only the larger size drops reach the river bottom.
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The critical size of drops that will be held in suspension depends

on the intensity of turbulence, the density of the liquid and the terminal

AR AR

velocity of the drops. Yalin(6) has treated the problem of sediment

suspension in river water and this analysis is partially applicable to A

.
i
E‘
)
4

the present situation. lHowever, Yalin's analysis is for a steady state
condition which does not exist in the problem under consideration (wherein
a given mass of heavy liquid is spilled into a water way). It can be
argued that all liquid drops have to settle to the river bottom ultimately

}. irrespective of their size. Their settling time is greatly influenced

by the size and turbulence. For a first approximation it is suggested

that the following criterion be used to estimate the fraction of spilled

mass that may be in suspension for a "long time'.

-
;
r
AN
f
"
]
!

2
1]
Usritical® < Nu (3)

where

U(R) is the terminal velocity for a liquid drop of radius R and

2
u' is the root mean square fluctuating stream velocity in the

depthwise direction. ;%

1t is to be kept in mind that the criterion indicated in Equation (3)
is purely speculative and needs experimental verification. The size of 4
the particles that willi be in suspension for a long time will depend in 3
general on the statistics of turbulence, the distribution of intensity
in the depthwise direction, the density of the particle and its geonmetric
shape (indicated by the value of the terwminal velocity). The simple
J. criterion given in Lquation (3) 15 bas~d on the argument that particles

! having terminal velocities lower than the turbulent velocity scale

(r.m.s. fluctuations) are easily liable to be tossed sround. ';




lt can be shown that for a nondeformable sphere of diameter d

falling slowly in water (at Re

< 100) the terminal velocity is given
by(Z) v

d

2

=2 R_ 8 -
[U(R)]laminnr g Yy (D/pw b (4)

.

Assuming thnt‘{u'z v 0.1 m/s for a typleal river and using pu/ﬂw n1.2,
we can show using equations 3 and 4 that drops of diameter less than
1 mm will be in suspension. Those with dismeters larger than this will

settle.

Since the frequency distribution of the diameters is not known
aprlori, a conservative apprdach is to assume that all ot the liquid

spilled reaches the bottom,

Hence, with settling velocity given by equation 2, we have the
settling time

t - depth of stream
settling  velocity of settling

[}
cle
~~
(924
p—a

The horizontal location at which the liquid hits the river bed is

given by

X = US t = '{]A-— d (6)

Section 2: Spread of a Heavy Liquid on the River Bed

A heavy liquid chemical released into a river settles to the bottom
of the river. Subsequently, the liquid spreads on the river due to the
action of its own weight and the shear force induced by the flow of
water. The spreading of the liquid continues until the thickness
of the liquid film is smaller than the roughness protrusions of the
river bed. At this stage, the liquid fills up all the "valleys" in
the rough bed and stops spreading.

During the shear force induced spreading, the liquid spreads
preferentially in the downstream direction. ,Should the river bed
slope upwards (i.e., the depth of the river decrease), it is possible
that the liquid also will be dragged up. The model preseated below
has not considered this problem explicitly; in fact, the model assumes

the river bed surface to be essentially horizontal.




The spreading is modeled in two phases. 1In the first phase (in
which the liquid 1s assumed to be released instantaneously at the river
bottom), the liquid spread 1s due only tc the effective gravitational
acceleration. The force resisting the spread is the inertia of the
system, In the second phase of spread, the tangential drag induced
by the river flow becomes important. This 1is also modeled. The
objective of the analysis pregented in this section is to obtain the
shape and duration of spread and the maximum area of spread. The

following assumptions are made:

Assumptions

o The liquid is assumed to be released instantaneously at a

single point on the bottom of the river.

e During the spreading of cthe liquid, no mass loss by dissolution

occurs.

¢ Liquid pool gpreads until its thickness is equal to the mean

roughness of the bed.

Since the mass of liquid in the spreading pool is a constant, the
final spread area can be easily established if the final (mean)
thickness to which the liquid spreads is known. Since the final
thickness of the pool is assumed to be equal to the mean bed rough-
ness, it is necnssary to know the river bed roughness data. However,

this may not be readily available.

The river frictional characteristic represented by the Manning
friction factor is related to the bed roughness. A tabulation is

(3)

given by Merrit for evaluating the Manning friction factor (n)

for various channels with different bed roughnesses, Streeter(4)
has obtained, using the logarithmic velocity law for turbulent
flow, a relationship between Manning friction factor (n) and mean bed

roughness (e). This relationship with the dimensional terms expressed

*
in S.I. units 1is

1/6
—n—— = 20.72 + 3.84%“(;‘) (7)
* 2
In FPS units with e and Rl in feet and g in ft/sec”, the same relation-
ship becomes g
1/6
1.49 Ky 4
— =1.14 + 2 log,, — (7a)
/88 a 10 e
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Also, in the above equation the effect of Rh is small and ir
therefore the equation can be considered as a relation between e 3
and n. Table I-1 shows the relationship between e and n for various

values of e and Nl. As can be seen from the table, equation 7a

is a very poor way of estimating the value of e for a given value of .
n and Rh because of its extreme sensitivity. However, since no other i

method exists to estimate the value of the bed roughness, equation 7 i3

has to be used when no roughness data are piven.

igure I-1 is a plot of the equation 7 and calculated data from

Table I-1. The figure indicates lthat a dimensional correlation between
e and n can be given by

-2
8.571 x 10
o = 1013-8173 - "

]

(8) 2

2t e

where e 1s in inches and n is dimensionless.

This correlation is valid
only within the ranges 10 ft < Rh_i 100 ft and e < 4 inches,

Spreading

The spreading of an instantaneously released (on the river bed) i

liquid 1is modeled in two stages. These two stages of spread are é;

S T T ST

illustrated in Figures 1-2a and 1-2b respectively.

1. 1In the first stage, the spread velocity due to gravity spread-

ing is assumed to be much greater than the stream velocity. In this

AT TN

case, the stream velocity has little effect on the gpreading rate during

this phase. Hence, the spread is essentially radial.

2. The second phase of spreading beging when the radial velocity
of spread of the pool is equal to the 'local' stream velocity (at the i
height equal to the mean film thickness of the pool). In this phase, the e
downstream end of the liquid pool is '"pulled" by the stream at its
local velocity, whereas the upstream end of the pool is stationary.
The cross stream spread is assumed to take place at a gravity spread

velocity corresponding to the film thickness at the instant under con- 3

sideration.
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gl Table I~1

(Table Obtained from Equation 7a)

e Ry e/Ry n
in inches in feet (dimensionless) (dimensionless) N
;’. . ' ' __3 f
3 0.5 4.17 % 10 0.0192 4
1.0 8.33 x 107 0.0210 '§
10 » 3
1.5 1.25 x 10 0.0222 E
2.0 1.67 x 107° 0.0231 f%
: -4 k|
" 0.5 8.33 x 10 0.0210 3
- 1
3 1.0 1.67 x 107> 0.0226 5
] 50 -3 £
3 1.5 2.50 x 10 0.0236 4
v w2
; - 2
: 2.0 3.33 x 107° 0.0244 :
2 ;
g 0.5 4.17 x 10 0.0220
1.0 8.33 x 107% 0.0235
100 R
1.5 1.25 x 10 0.0245 :
2.0 1.67 x 107 0.0253 ;
3.5 100 2.92 x 1073 0.0270 !
£ :
2 3
3 The above can be represented by '%
i E
p log e (inches) = e - c2/n bé

il ?: e} 2

: 10 3.251 | 6.813 x 1072 :
50 3.950 | 8.9 «x 107° :
100 | 4.251 | 10.0 x 1072 :
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FIGURE 1-2a Plan View of Spreading in the Gravity Inertia Region
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Plan View

FIGURE I-2b Plan View of Spreading During Stream Influence Stage
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These are incorporated into a model to obtain the area of spread
and the dimensions of the spread as a function of time. The spreading
is assumed to stop when the liquid film thickness is equal to the mean

bed roughness.

Gravity Spreading

We model the spreading of the liquid under the influence of gravity,
assuming that during thils spread process the stream has no influence.
The termination of gravity spread in the streamwise direction is said
to occur when the velocity of spread of the liquid front in the upstream
direction is equal to the stream velocity at the mean thickness of the

liquid at that instant. This situation is termed 'critical."

The gravity spreading of a liquid on a plane solid surface has
been treated in reference 1. The following result is taken from

Table 8.1, page 110, of reference 1.

1

R(t) = 1.14 (¢ w74 (12 ©)
Also, the mean thickness of liquid film is given by

by (£) = ——— (10)

: m R7(t)
Substituting equation 10 in equation 9 and differentiating, we can
show that the velocity of spread of the liquid (in the gravity spread
regime) is given by

dr *
o =R /R (11)

From this equation, equating the left hand side to the stream velocity,
expressed in terms of the height above the bed, we obtain a critical
height hf. From this, the critical radius of spread RC 1g calculated.
This then gives the area of spread in the first stage, i.e.,

u(h,f)=c/(3hf =c\lGjX—g (12)

"¢ has a magnitude equal to 1.152.
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It is shown in the numerical example that even for very small
distances above the river bed surface, the gtream is fully turbulent,
Hence, we use the 1/7th power law distribution to describe the veloc~-

ity profile in the stream. Following Goldstcin(s) we write

8 oy (w7

(13)
s
where
d 1s the depth of the stream
ag is the mean stream veiocity,
Equating 11 and 13, we get
hy 2.8
- 0,9783 FD (lda)
where FD = Densimetric stream Froude number
u
= S (14b)
VG d
Substituting l4a in 10, we get
- 1 v
R, = 0.5704 1 A4 (15)
D
and from 15 and 9 we get
FD ' G d

Spreading Due to Stream Shear

The critical condition described abeve is based on the time at which
the radial gravity spread velocity is equal to the stream velocity at
the height of the film thickness. During the period following criti-
cality, the downstream end (point c inm Figure 1-2b) is dragged at a veloc-
ity equal to the mean stream velocity existing at the height of liquid
film thickness. Upstream, point A does not move because of viscous

friction with the bed. Cross stream points B and D expand at velocity
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of the gravity spread velocity corresponding to the film thickness.
A schematic representation of the growth of the pool area with time

is indicated in Figure I-2b for times after criticality.

¥

The model proposed to determine this spread area after criticality
assumes that the area can be divided into two semiellipses, AB'D' and

D'B'C' (Figure 1-2b). The rate of increase of tha total area is correlatcd

i

with the various velocities of the edges keeping in mind that the

volume of the liquid in the pool is a comstant. In this analysis, no

il Wl BB

t account 1s taken of the possibility that during the spread the liquid
may hit the edges of the river bank. The details of the mathematics

of the model are indicated below.

."%;
Let ié
th =t -t = time period after the spread reaches criticality é
c 2
At") = area of the pool at time t'
. a; = distance traveled by the downstream edge of the y
; pool in t' (point c in Figure T.-2b) p
; by = distance traveled by cross stream pt (B) in time t' :
: after criticality 5
b = RC + bl
= + ;
a RC dl
Hence the area
ORI b (17a)
;" area of semi- area of
i ellipse D'AB' semiellipse B'C'D’ :
o= X + + + R +b
fee., A(t") =35 [R (R, b)) + (R, a1> R, l)]
!
i = ; —_ 17b
. n(Rchl) [RC+2] (17b) ;
' Substituting for b, and a; in terms of spread velocities, we have X
4 i3
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Vo= o on 2 1
A(t!) n Rc [1 + Rc J‘“g,g dt] [l + %E_l[u dt ] (17¢)

where ug , 1s the liquid gravity spread velocity (see equation 11) and

u is the stream velucity at the helght corresponding to the liquid film

o
=]

thickness,

The thickness of the liquid film at any time is

h(t') = A_%gr)' (18)

Substituting 18 in 11, we get (with ¢ = 1.152)

t') = ¢ vYG h ty = ¢ iy-«— 19
g (61 ( Vi (19)
Similarly, u, the stream velocity, 1s a function of the hedight (see

equation 13. However, the variation of stream velocity from the height

of film at criticality to final height is small (see specific example).

Hence, to simplify the mathematical complexity, we use a mean velocity

of spread for the downstream point. This is given by

1

_ .
T T - by J~ v
c f =h

=g

Substituting equation 13 in 20 and integrating, we get

()" ()]

RG]

Substituting equation 19 and u from equation 21 for the u in the integral

in equation 17c¢, we get

t'
o 2 [. 2\V G dt u t'
AL") = TTRC Ll + Rc fmA(t) ] [: 1+ ~—-——2RC :l (22a)
o

The above integral equation for A(t') is solved with initial condition

ACo) = nRCZ (22b)
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1
?’ The solution to this equation is given in Appendix A, 2/3
g o=t .8 [(1+VT)2-(1+vx)3/21+(1+w)3/2] (23a)
, TR v
¢
g where
.
L uch )
< (23b)
1]
. u(hc) t
2R
¢
i Note also
) a; u t%
ag = R+ a; = RC (1 + E—J = Rc [1 + R ]
¢ c
i.e. a, = R [1 + 2v Tf] (24a)
Therefore
3 L = Rc + a; = ZRc[l + v Tf] =Downstrcam length of spread (240)
Similarly, o .
- 1 (f Far
L bf =R [1+ 57'5 U dt] = R [1 + 2.[ =]
| S 2 ; /3
8 o (o}
; Using cquation A-4 of Appendix A, we get
4 o
i b T R X EEV T (252)
3 ap
i.e. cross stream spread B = be = ZRC i—:f;~?; (23h)
i Algorithm for Obtaining the Acea of Spread

Given: (1) mass of liquid spilled and its density

(2) mean stream velocity, stream depth, stream width,

and bed roughness dimension or Manning coefficient

Following {s the sequence of calculations.




Remarks P

Critical radius .

ltem Obtain the Value Using the
# of this Parumeter Equation
1 € 8 If "e" is not given,
and "n'" 1is given
2 Set hf = e -
3 Vo= - - Volume of spill
“)',
A
4 Ge=g (1 - ;Ji— - Effectlive gravity
A
v
5 Af = nT - Final spresd orea
£
Yy
6 FD 2 14b Densimetric Froude Mumber
Gd
7 R 15
¢
8 t. 16 Critical time
2
9 A = nRC Critical area
10 hC = %_ 18 Critical film thickness
c
11 u 21 Mean velocity of water
. 1/7 close to the bed
; - af €
11 u(nc) 1.llu(‘d ) u, 13
/
12 v = u/u(hc)
13 o = Af/AC
14 Solve for ¢ iteratively 23
2R 0,
:  f
15 [ — -
f n(hc)
le Final time of spread
- [
tf tc + tf
17 Longitudinal spread
L= ?.RC[L + v 1f]
18 Lateral spread
2uf
e L 2
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SPECIFIC EXAMPLE

3 Chemical spilled: CHLOROFORM
Volume of liquid spilled (assumed) = V = 8,000 gallons = 30.28 m3 _g
Det ity of liquid =0, T 1490 kg/m3 f§
= |
é Viscosity of liquid N = 0.47 x 1()"3 N s/m2 33
o 12
Kiver Data 1
=
3 Mean velocity =u = 1 m/s }§
3 ";
5' Width of river =y = 150 m o
I E]
F g
3 Depth of river =d=8mn ‘g
' Manning coefficient =n = 0,025 {
s Water Data
‘ Kinematic viscosity =V, =10 " w/s i
Calculations f
To show that for most of the river depth, the water flow is :
very turbulent. !
¢ 150 x 8 . 3
Y = e el = 2 .
2 Hydraulic radius Rh 8 x 2 + 1509 7.23 m ;
- 3.124 y_n E
. * :
8 Frictional velocity due to bed roughness = u = -— S - 3124 x 1 x .025
X 1/6 1/6
Y R.h (7.23)
’ = 5.62 x 1072 m/s
. The top of the laminar sublayer from the wall in a turbulent flow i3 ]
? given by: a
. * =
- y+ = %Em w30
3 W
5 30« 107° 4
: Hence y = “*"“iﬂﬂ—fj-ﬂ 5.34 x 10 i :
5.62 » 10 1
: i.e., from this height above the river bLed surface, up to the top of 3
b the wuter surface, the flow is very turbulent. This justifies the use E

of 1/7th power law in equation 13.




;.'.
8.571x 107
3.8173 - 0.025 3
e = 10 = 2,45 inches if
= 6¢22 x 107n E
' Effoctive gravity = G = 9.8 x (1 - 2900y & 5 50q pyg? §
y . 1490 3
! Mean height of bed roughnoess = hy= e = 6.22x10_2m :3
{ (Sce equation 8) E
% e
. =
Finul spread area Af = %* = -,.__M_;*. = 486.8 mZ %
{ 6.22 x 10 o
L Deusimetric Froude number F = f:::%m—“- = 0,197 {g
5 (See equation 14b) V3,223 % 8 g
3 nid
h 4
" . , 2.8 , -2 |
i Critical height hc = 9783 x (.197) x 8=28.27x10 " mn i’
?' (See equation lé4a) ”
|1
¢ i _—
Critical radius R = 2104 Jﬂéz_s_ = 10.8 m
- (See equation 15) ©  .197°°
Fl '3
B R i i3
5' Critical time t = 0’2503 8 J 230'28 = 9,07 s .
' ¢ 001977 8% x 3.223 &
2 2 7
Critlcal area Ac = ch = 366 m E
o\ 177 3
Velocity of stream at h = u_ = 1.143<%;£Z_%~19__> = 0.595 m/s
(See equation 13) ¢
1 Mean velocity between height hC and hf
(See equation 21)
A _, 817 817 3
. ~ -1/7 (8.27 x 10 %) - (7.41 x 10 %) §
L U = 1.0 x 8 9} ) = 2
o (8.27 x 107°) - (7.41 x 10°9)
»
A :
- = 0.590 uw/s 3
).
Hence (equation 23b) v = %ﬂ%g% = 0.992 4
At . 486,8 ;
. = = 0.0, .32 A
and o, X 166 1.329 1
¢
Solving for iy from equation 23a, we have
: 3
1.3291'5 -E% (24/3 ~-Z) 4 Z] where Z = (1 + v Tf)J/2 3

i,

1530 =6.913 2% -2y v+ 2
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oy %(Zw3 - Z‘) + 2
1.0 1.00
1.1 1.345
1.2 1.720
1.15 1,529
1.151 1.533
1,1505 1,531

Hence, Zf = 1.150

(1+v ) = (1.150)%3 L 1.098

Te
T = .0988
Hence, final spread time tg =t + ‘0988‘§9§ x 10.8 9.07 + 3.585 = 12.66 s
Longitudinal snread L = 10,8 x 2 x 1.03765= 23.73 m
Lateral spread B=2x 10.8 x %%%%%EE = 26.13 n

(see equation 25b)
The spread shape 1s almost a perfect circle.
DISCUSSION

Methods have been discussed to predict both the trajectory during
sinking and the consequent spreading of a heavier than water liquid on
the river bed surface. The impact time and locations of the sinking
liquid with the river bed is determined assuming that the instantaneously
released liquid is broken up into small liquicd drops which later sink
due to the action of gravity, at the same time beilng carried downstream

by the stream current.

The model for spreading on the river bed is based on the assump-
tion that the liquid spread ceases when the mean film thickness of the
liquid is equal to the bed rouglhness. Once the liquid sinks into the

crevices of the river bed, it is essentially held there, because the
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water velocitles below the roughness helghts are small., This means
that further spreading of the liquid is either totally nonexistant

or 18 very small and can therefore be neglected.

It is necdless to say that the final answer (such as duration of
spread and the final dimensions of spread) depends on the mean bed
roughness. An cxpression has been derived to connect the usual Manning
roughness coefficlent n and the bed roughness e (equation 8). It
should be noted that the equation is a dimensdional equation and has

limited applicability range. Equation 8 should be used only when no

direct data are available as to the river bed roughness dimension.

Where such roughness data are avallable, we recommend the use of that

data rather than equation 8.

The limitations of the model present=sd arise from the lack of
experimentul data to compare the predicting with. For example, it
is uot very clear whether all of the liquid spilled would be broken up
into liquid globules. Nevertheless, this is a key assuwmption for
finding the location at which the liquid reaches the river bottom.
The more serious limitation of the model is in the necessity to kinow
the mean bed thickness. This number is quite important in that a 50%
error in the evaluation of this results In a corresponding 50% error
in the estimation of the final area of spread. Since the total dis-
solution rate of a slowly soluble liquid is dependent on the surface
area exposed (Chapter IT), wrong estimation of bed roughness would

result in serious errors in the hazard estimation.

1t is, however, felt that notwithstanding the limitations alluded
to above, a reasonably simple model has been developed for studying
the spread of heavier than water liquid on the river bed. Such a model

was not available in the literature.

The model by itself has limited utility, but it is an esseatial input
for calculating the dissolution rate of slowly dissolving chemicals. The

latter phenomenon is treated in Chapter I1I.

?
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CONCLUSIONS

A model has been worked out to obtain the duration of spread on
the river bed of a heavier than water liquid. The model is based on
a two-regime spread theory, 1In the first regime, the spread is essen-
tially gravity inertia dominated with stream flow having no effect on
the spread. In the second regime, the spread is determined by the velocity
distribution in the river.

It is seen from the example that the spread takes place in rela~
tive'y short duration,and for the given example, the aspect ratio of
spread is close to unity. It is concluded that the spread will be more

skewed if the mean stream velocity is larger.

The model proposed for the degcent of the heavy liquid released
on the surface is similar to the ones proposed in an earlier report.
The liquid is assumed to break up into liquid drops, sink, and finally
coalesce to form the spreading pool on the river bed. Lack of experimental
data precludes the development of any sophisticated analytical model
at this stage,




APPENDIX A

To solve the equation

t
. o -,
Ae'y =R Pl &6 ey 0t (A-1)
c Va(t)
2
with A(o) = NRC (A=2)
Let
] ]
o o= ACtD) A(tz) = nondimensional area
A(o) 2
nR
¢
uth Ht'
T = ~§~§'~— = dimensionless time (A-3)
c
v = u/u(hc)
Hence a(t) = |1 4+ ————-—— 2 cvVG AT /a(T) l4+vr
uth) VA (o)
From equation 12, we see that
[ VGA =1
u(hc) VYA (o)
Hence the equation reduces to
T
a(t) =11+ 2 dr__ l+va with a(o) = 1 (A-4)
) Va (1)

Differentiating the LHS and RHS with respect to 1 we get

T
L e feva) =2 vy |1e2 | L
T Va(t) p/a(r)‘
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Substituting for the second term on the RHS from equation A-4, we get

da 2 v a

== 1+vrT] +——

dr /a [1 4+ v )
Let

E=1+vn

N = Ol3/2

Substituting A-6 in A-5 and simplifying we get

[=%

dn _ ., &
G 3 . +

rofes

% with n =1 at £ = 1

The solution to the above equation (Bernoulli form) is

5-3/2 - 3

n v

.[5—1/2 d& + constant of integration

/2

n = 52 + const 53

<o

with n = 1 at £ = 1 we get
L6 [52 3 53/%] . 32
v
2/3

a(t) = % [[1 + v T]2 - 1+v 1)3/%] + (1 +v 1)3/2
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NOMENCLATURE

All dimensional quantities are assumed Lo be in appropriate S.1. Unirs.

Ao) = Area of spread of the pool at critical condition m2
A(t') = Area of spread of the liquLdvnt any tiwme m2
i AC = A(o) = area of pool at criticality mz !
A£ = Final pool spread area m
a = Semi-major axis (in the stream direction) of the clliptical m
spread area during the shear flow induced spread (see Figure 1-2Dh)
?{ ' a, = Distance traveled by the downstrcam edge m
- B = Total length of spread of the liquid pool in the cross stream m
’ direction
5 b = Semi~major axis in the cross stream direction (see Pigure I-2b) m
| bl = Distance traveled by cross stream front of liquid in time t' m
i: ¢ = Constant in equation 11 for the velocity of the front
i ¢yr S = Empirical constants obtained by fitting a best line to the
E results in Table I-1
i: d = River depth m
ér e = Mean height of the roughness of the rviver bed m
;i FD = Densimetric Froude numher (see equation l4a)
: G = Effective gravitational acceleration for Jliquid spreading m/s2
gl - ;i)
£
3 g = Acceleration due to gravity m/s2
h(t') = Height of film at any time t' m
'? hC = Liquid film height at critical condition n
: hf = Final height of the liquid film = e m
; hl = Mean height of the liquid {1lm of the spreading liquid at any time m
L = Total length of spread of the pool in the streamwise dir: ctfion w
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n = Manning friction factor for the river

% R = Mean radius of the largest stable liquid drop (see equation 1) m
‘ R, = Radius of the pool at the end of gravity spread (critical m
: condition) (see equation 15)
% U d
? Red = Flow Reynolds number based on depth = N
s W
‘; Rh = llydraulic depth of the river m
.
s t = Time after spill s
; t! = Time after the pool spread attains critical condition = (t - tC) 8
3 t, = Time to critical condition (see equation 18) ‘ s
2
§ tot = Settling time for the liquid drops (scze equation 5) s
4 U(R) = terminal velocity of settling of the licuid drops in the river m/s A
2 (sec equation 2) q:
: u(y) = Stream velocity at height y from the bed surface m/s i;
? u = Average stream velocity over a height h from the bottom of m/s ?f
g the river (sce equation 21) - o
' =3
u' = Mean square fluctuating velocity in the velocity in the river (m/s)2 :
J 3,124 ug n :
- u = Frictional velocity in river = '*—*37%**' m/s 3
? ug, ¢ = Gravity spreading velveity of liquid pool (see ¢quation 11) m/s §.
ug = Mean stream velocity m/s %i
. 13
v = Volume of liquid spilled n’ F’j
!~ n " %
b v = G%B~3~= Dimensionless average velocity over o = hc height )
(sce equation A-2) i§
3 P
X W = Width of the river m ]
" 3
E‘ X = Downstrecam distance at which the liquid drops released at the mn E
’f river surface would reach the bottom 3
,;_ y = Vertical distance from the river bed n i
3/2
p- Z = (1 +v Tf) / }
g
4
n{
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Greek Lettaers

a = Ratlo of liquid spread area at any time after criticality to the 3
4 spread area at criticality (see equation A-3) é
s n = 03/2 (see equation A-6) 5
|
! Vi = Kinematic viscosity of water m2/s
£ =14 v 1™ (sce equation A-6) :
Py = Density of liquid spilled kg/m3 %
oy = Density of water kg/m3
¢ = Interfacial tension between liquid and water N/m e
u(h ) ¢! &
vt = Dimensionless timp = —E—é%‘¥_~ (see equation A-3)
¢

Subscripts é
¢ = Critical condition a
f = Final value
£t = Liquid

w = Water

{i Superscript .

I ¢ = Critical
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CHAPTER 1L

DISSOLUTION AND DISPERSION OF CHEMICALS OF FINITE SOLUBILITY

OBJECTIVES

The objectives of the analyses presented in this chapter are to EE
predict the rate of dissolution of a low solubility chemical in water,
the dispersion of the dissolved chemical, and the dﬁration and extent =
of hazard. | '

INTRODUCTION 2

There are a number of chemicals, both solid and liquid, in the
CHRIS chemicals list that have low solubility in waCEr.* A list of
such hazardous chemicals having solubility less than 1% is given in
Appendix D,

When any of the chemicals in the above list is spilled on the
waterway (as in a river 1or example), there exists a danger that the
chemical will dissolve slowly, thereby presenting the hazard over an
extended period ofvtﬁme. Even though low solubility leads to low E

I E:

levels of chemical concentrations in water, it does not automatically

follow that the hazard is also sma'l because some of these chemicals
are hazardous to human health as well as toxic to aquatic life, even
in extremely low concentrations. In addition, some of these cliemicals
may react with other dissolved chemicals in water producing very
undesirable compounds. Therefore, there exists a need to understand
and be able to predict the digssolution rates of slowly dissolving
chemicals in streams. Also, it 1s necessary to know not only

the rate of dissolution and the consequent pollutant concentratiocn in
water but also the duration and extent of the hazard zone. The latter
is of particular importance when decisions have to be taken to initiate
appropriate remedlial measures following a spill into water (especially

when the water is used for a citv's drinking water needs).

*The term "solubility" denotes the saturation concentration of the given
chemical in water at standard temperature and pressure. It is usually
expressed in kg (chemical) per 100 kg of water at 15°C and 1 atm
pressure. The term "low solubility" implies a less than 1% solubility.
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The rate of dissolution of a chemical depends on the nature of the

chemical itself (such as its solubility, density, viscosity, etc.) and

the environmental conditions (such as stream veloeity, turbulence level,
bed structure, water temperaturc, and total water flow). Liquid chemicals

which a - heavier than water sink to the bottom when apilled on water surface,

R e T I AT Tr AT ':‘mmmm

spread on the river bed, and may even percolate to interior of the
bed so0il. These will later dissolve slowly, polluting the river over
a4 long perilod of time. The spill of a lighter-than-water chemical

on the wa.etr surface results in the formation of a pool which moves

with the stream current if there are no obstructlons or dead zones

in the streams. During this downstream movement of the chemical pool,
- the chemical dissolves slowly due to the actlon of the stream turbulence.

4t third type of the hazard 1s represented by solid chemicals of low

solubility. Depending on the size and density of the solid particles,

these may sink directly to the river bottom and then dissolve slowly

(as in the case of heavy liquids) or may be in suspension in water,

In the case of the latter, the situation is similar to the case of

surface liquid pool.

In Section 1 of this chapter, a model is developed to predict

the dissolution rate from a stagnant pool of heavy, liquid chemical at

the bottom of a river. The part that deals with the spill, movement

. to the river bed, and the subsequent spreading, o8 been modeled and

digcussed in Chapter 1.

In Section 2, the dissolution of lighter-than-water pool is modeled

and discussed. Finally, in Section 3, the models are used to predict :

the chemical concentration using dispersion models. Specific examples

for each section are given.

THEORETICAL DEVELOPMENT

Section 1: Dissolution of Stagnant Pool of Heavy, Sliphtly Soluble
Liquid at the Bottom of a Moving Body of Water

In this section, a model is developed to predict the dissolution
rate of a liquid chemical, which 1is heavier than water and which hag
low solubility. The liquid is assumed to be present on the river bed .
in the form of an immobile pool. The assumptions made in deriving the

model are listed below.

47




Assumptions

e The liqﬂﬂd pool areus exposed to water remains the same throughout
the dissolution process.

e The liquid dissolution is controlled by the hydrodynamies in
the river

¢ No gross movement of the pool occurs during the dissolution period.

e No interface between the liquid and water 1is relatlvely flat.

i e Two-dimensional mass transfer model is used.

o The effect due to the edges in the dissolution process is

small and hence neglected.

\ The dissolution of the liquid pool 1is modelvd using the aunslysis of
turbulent flow mass transfer on a flat plate, (L The essential
features cf the mcdel are shown schiematically in Figure II-1, The
liquid pool at the bottom of the river is of thickness "H,'" which

5 is assumed to be the "mean thickness" of the bed roughness. Because
of the flow of the water on top of the liquid pool, a concentration

boundary layer 1is built up, and hence the pool is consumed at higher

rates in the regions near the leading edge compared to the rates of
; dissolution at the trailing regions of the pool.

AAAAAAAAAAAANAAMDNNNNNNN b DD I A N A PN NP s I

——
U = Mean Velogi —— Concentration Liguid on the River Bed
an Velocity , Boundary in the Form of 2 Pool

River Bed Roughnuss

i FIGURE 11-1 Schematic Diagram Illustrating the Position of the
: Dissolving Chemical on the River Bed
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*
Ff We write the following rate of diss.lution equation
- (1)

. N=1KA Ow(cgurf Cbulk)

' Because of the large quantity of water flow rate in a navigable
%‘ river and the generally slow dissolution rate of chemicals, we can
Ef assume, without loss of accuracy,

g . (2)

Coutk = °

) - The equilibrium connentration of the chemical, on the surface of pool

y at the bottom of the river, namely, CSurf’ is obtained from the solu-
% bility properties of the chemical. Sypecifically, we treat

) 3
N = T A
%‘ Csure Coat (T ;
?“ :
;!

_’ The mean mass transfer coefficient K in equation 1 is estimated from

& 4 €actor analogies of heat and mass transfer.(2’3) The average j

factor for turbulent flow over a flat plate is (for Re, > 1.5 x 10%y
" _ [k \..2/3 _ 0037
Ip (u)S h 0.2 o (4
L

Re

where ReL = Reynolds number based on the length of the pool = %E
W
In a river flow, and for the conditions of liquid spill aund
é dissolution that might occur due to a barge accident, 1t is expected
3 that the pool Reynulds number will by far exceed the value 1.5 x 104.
In addition, actual data from the dissolution of solid flat plates
indicate slightly higher jD values than that given by equavion A.

(However, when meticulously prepared experimental specimen were used,

experimental j. values were much closer to that predicted by equation 4.)
D

Substituting equation 4 in 1 and noting the conditions of equations

2 and 3, we get

A .5l S o it ] 8 it i A v e s oy Ll

%
‘See the nomenclature for the definitions.
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i

where W is the width of the pool.

in deriving the above equation Lt is assumed that the tewperature
of the liquid is the same as that of the stream and Cqut corrusponds to

this temperature.

1t is recalled that equation 5b 1s strictly correct only for a

rectangulay pool of downrtream length L an. width W.

For other shapes of pool area (such as a circle or an ellipse or
any other shape) a shape factor has to be introduced into the equation
to take intu cownsideration the nonrectangular shape of the liquid pool.
The values of the shape factor to he used are given in Table 11-1 and
derived in Appendix B. Baseu on the results of Appendix B, we rewrite

equation 5b as

1/3 0.8
= §(0.0: v DW Sc le
N S(0.037 Cout"w W Sc hLL 1

where now the width W is intevpreved as the width of an equivalent
rectangular pool of length L and having the sume area as the actual

pool.

Equation 6 1s valid only when both the hydrcidynamic boundary layer
and the concentration boundary layer grow from zero thickness at the
leading edge (of the liquid pool). 1In a river, however, the hydrodynamic
boundary layer is fully developed and the presence of a liquid pool
does not affect i1t. An analysis con.idering this fully developed
character of the hydrodynami. bouandary layer and the developing
concentration boundary layer is worked in Appendix C. The main
result from this analysis is that the dissolution rate depends on the
flow depth In the rvive-. This is because of the dependence of the
velocity profile on the depth of the river. The results from this

modified analysis give

50

(5a)
(51

%

j%

1

A

9

3

e

E |

3

173

(1\) 3

;

i

F

PRCTRTNEATe

iR



3 E

i - !
)
3

TABLE 11-1

b Value Value .

Shape of the Pool ) of W w e W/L of 8 :

|

: Rectangular L x W W w 1 1

4 5

e ] W )

L |

Elliptical Major axis L X 1B
Minor axis B 4 B 4 L 1.075

— >
4

Circular of diameter D

I T 1.075
H _.--”
X
f Triingle with vertex B B_ = 1,111
iz upstream /////g‘ 2 2L 1
g i b 0.9
H 2
ot Y
: Triangle with vertex B B = 1,111
5 downstrean } 2 2L 1
B ——
28 — L b 0.9
3 L __’-' 2
' Semicircular of s s
3 diameter D 4 D 2 1.041
. ———
Semicircular of T af
Diameter D 4 b 2 1.041
— e




- . 2127 4\ 19 .

T KD g 273 1 g 0343 B | (7)
, LT 2/9 d
;- m ReL :
3 and therefore N is given by
3 1/9

2 ) '

3 N = $[0.0343 p_C oW scl1/27 g 79l ] )
3 w  sat L d

It is seen by comparing equations 6 and 8 that the powers on the Sc and

ReL have not changed very much, In addition, the effect of depth appears

in equation B with a 1/9th power, and therefore its effect is expected

to be small. The example considered below illustrates the small dif-

ferences obtained in the dissolution rates using equations 6 and 8.

Numerical Example for Section 1

Chemical

Chemical spilled
Density of CHCl3

4 Molecular weight

s Solubility at 293°K

Diffusion coefficient in water
Water
Density of water

Kinematic viscosity (at 293°K)

*
Pool data

2 Assumed length of pool
i/ Width of pool

Depth ¢t liquid pool

calculation procedure.

52

CHLOROFORM (CHCl3)

= 1490 kg/m°

Dliq
=M = 119.4 kg/kg mole

= 0.8 kg/100 kg of water
=C at{ -3
®4M= g x 10

D =1.06 x 1077 wi/s

- = 1000 kg/m>

=y = 10-6 mz/S

w
L = 10 m
W = 5m
H = 0,04 m

*Liquid pool dimensions are assumed for the sake of illustrating the
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Envirogggntal Conditicns

Stream velocity (mean) =y, = 1l m/s
Stream depth s d=5m

Water temperature (mean) = T, = 273°K

v
Hence, Schmidt number = S¢ = - ——lg————f:— = 943,4
1.06 x 10

Reynolds number (based on the length L) = Re, = L x_lO !
10

Shape factor (for rectangular pool) S = 1

Substituting ReL, Sc, C s Wand D in equation 6, we get

gat

0.8

1/3 a0’y

- -3 3 -9
Netat plate 1% .037 x 8x10 " x 10° x 1.06 x 10 “x 5 x(943.3)

= 6.125 x 107> kg/s

Total mass of liquid in the pool = pliq LWH = 1490 x 10 x 5 x .04 = 2980 kg

2980
6,125 x 10

Total time for dissolution = t

v "
total ~ 486530 secs 135 hours

3

If instead we use equ: .fon 8, we get

7/9 1/9

3 o’y o/s)

N = 10° ~ .0343 x 8 x 107> x 1.06 x 10~

x 5 (943.4)L1/27

= 7.12 x 107> kg/s

2980 o

. = _3___
total 712 x 10

The concentration boundary layer thickness & at the trailing edge

Hence, * 418539 s » 116.3 hours

of the pool (see equation 8¢ of Appendix C)

0.3375 1/36

/36
14/27 7/36 (%)
c ReL 7

1
_ _0.3375 (5/10)° <4.14 x 1074
(943798727 57,7736

$.
Lo

Hence, § = 4,14 x 10-3m

This ig much smaller than the depth of the river, Hence, for
calculating the stream pollutant level concentration downstream of
the dissolving pool, we can assume that the source is a line source

of width W and of total atrength N (kg/s). This source is assumed

to be located at the bottom of the river.
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Section 2: Dissolution of Liphter Than Water, Low Solubility Chemical

There are several chemicals in the CHRIS 1list of chemicals which

have low solubility and density lower than that of water. When any

of these chemicals are sgpilled on water, in, say, a river, the chemical

forms a surface pool, at the same time 1s carried downstream with the
{ current. This pool of liquid slowly dissolves in water due to the
' action of stream turbulence. The ability of the pool of the chemical
to remain as one continuous area depends on not only the chemical pro-
perties (such as the surface temsion) but also on the hydrodynamics of
flow in the river (such as intensity of turbulence in the stream,

. posuibility of obstructions in the river like a bridge pler, etc.).

In this section, a model is developed to obtain the dissolution

rate of a chemical as a function of stream hydrodynamic conditions.
' The model is based essentially on the surface renewal theory first ;
L developed by Higbie(A) and later modified by Danckwerts.(s) However, :
the model derived beiow uses the latest developments in the above theories.

Figure I11-2 shows the essentlals of the model. As the liquid chemical

pool floats down river, it dissolves due to the action of the turbulent

eddies. The eddies are assumed to 'contact' the pool for varying time

intervals depending on the ¢ddy size and absorb the chemical. This

absorption process is controlled by the molecular diffusivity of the
chemical in water. These eddies are replaced by new ones after the
elapse of a duration equal to a '"mean renewal time." Those eddies

that absorb the chemical from the pool are assumed to mix with the

bulk flow in the river. Such an absorption 1s described by "eddy"

? cell models."
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Liquid Poo!
Water Surface

3 f ”'3’ \sﬁ:’{éﬁ‘w‘} \&%» E s crrrircs
- (D @ ~¢— Turbulent

: Stream _:—_E 9 % ®Eddu.s in the River

X R

River Bed

FIGURE II-2 Dissolution of Lighter Than Water Chemical
During Its Downstream Travel

Eddy cell models described above have been theoretically
(6)

T I L R e

and Lamant and Scott.(7>

investigated by Fortescue and Pearson
The primary aim in all of the above works has been to predict

the value of the mass transfer coefficient for gas absorption into a

il

turbulent liquid flow. The differences in the predicted results by

the above two groups arise due to the relative importance given to
large and small size eddies in the stream. It is found that Fortescue's e
analysis agrees better with experimental data for both flow in tubes

and for flow in rivers (aeration of polluted water). As such, the g

model given by Fortescue 1s given below and adopted for use in CHRIS.
An excellent review of the various surface renewal models in the
literature and their applicability to predicting the reaeration rates
in rivers is given by Kramer(s) and for gas absorption by turbulent
fluid in three different types of flow circumstances by Theofanous,

et al.(g)

Fortescue gives a correlation of the type

1/2

X = 1.46 [u«'z /A:\ )

e e ek




where

u'z = turbulent intensity (due to the fluctuating component)
velocity (w/s)
A = mean eddy size or integral length scale (m)

wihere the mass transfer coefficient is described by the equation

) (1)

" - 7 . -
Piis Kp w kcsut ¢ bulk

where

«

m;is = rate of dissolution nf the liquid in water per unit

interface area (kg/ms)
In order to use equations 9 and 10 to predict the dissolution
rate of the liquid_pool in the river, the river turbulence characteristics

(10)

have to be known (u'2 and A)., O'Connor and Dobbins suggest the use

of the following to estimate river turbulence:

*-“5 1/2
' = 0.1 u (11a)

A =0.1d (11b)

(6)

Using the above criteria and equation 9, Fortescue and Pearson have

shown that the experimental data on mass transfer coefficients for reaeration
of natural streams and the theoretically predicted values agree quite

well, The theoretical value is slightly greater than the observed value.
Therefore, the use of equation 9 together with equations 1lla and 11lb

result in an increased dissolution rate which is conservative from

the point of view of pollution hazards in the river. An example is

given below to illustrate the calculation procedure.

Numerical Example for Section 2

Chemical Properties from Reference 11

Chemical ETHYL BUTANOL (EBT)
Density (liquid) at 293°K - 834 kg/m>
Viscosity ratio (uliq/“water) = 0.7

Y

Solubility 0.43 kg/100 kg of water

419°K

Boiling temperature
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Quantity of chemical spilled = 1000 tons
(instantaneously) « 106 kg
Diffusivity in water e« 0,78 x ]0_9 mz/s

(caleculated by the method given in
Reference 11)

Fnvironmental Conditions

Water temperature 15°C = 288°K
River width = 1000 m
River depth =15 m
Mean water velocity = 2 m/s

Calculations

Using equations lla and 11lb, we have

V ;7 = 0,1 u = 0.2 m/s

A = integral length scale = 0.1 x d = 1.5m

Hence, K, from equation 9 is

L
0.5

K, = 1.46[0.78 x 1077 x 0.2/1.5] = 1.489 x 10

5

The dissolution rate from equation 10 is

' -3 3 .0.43
" - . 8 %1 — T e
LYP 1.489x10 x 10 [100

i

0] = 6.41 x 10 -skg/s 02

This Is an extremely slow rate of dissolution in the stream,

The concentration of the pollutant in the river is calculated

using the water dlspersion models indicated in the next sectiom.

Section 3: Water Dispersion of Slowly Dissolvinp Chemicals

The dissolution of slowly dissolving chemicals has been discussed
in the first two sectilons of this report., Tt is seen that 1f the
chemical is heavier than water, the source of pollution is fixed
relative to the river bottom. (The chemical dissolves in water from
a pool formed on the river bed.) The dispersion from such a case
can be modeled as if the source were assumed to be a line source of

pollutant, located on the river bed.

In the case of lighter than water chemical, the chemical pool

(which may be expanding due to the action of buoyancy forces and
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stream turbulence) 1s transported downstream by the water flow in
the river. The dissolution of such a chemical and the subsequent
dispersion of the chemical in the stream may be modeled using a
traveling, continuous source on the water surface. These two models

are derived below.

(1) Finite Width, Continuous Line Source at the Bottom of the River

The physical system modeled for dispersion is schematically illustrated
in Figure II-3. The source is considered to be a line source at the

downstream end of the pool.

Water Surface

— Constant Concentration Boundary Profile
U ’//
Imaginary . -
Line Source
— - 2
—— T — . l X

R RS AT i LTSS

Dissolving Chemica!l Pool

River Pool

FIGURE I1I-3 Line Source Description of the Dispersion of Chemical
from a Stationary Pool

Two formulae are presented to calculate the river concentration.
The first 1s to be used when the location of the point at which con-
centration is to be knnwn is close to the back edge of the pool
("nearfield"). The second formula is used when the observation point
is far off. An estimate of the critical distance beyond which the
"farfield" approximation is to be used is also given. The concentration

at any downstream position of the river is given by
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Nearfield

2 2 |
z 2.z.4d
Ci{x,y,z,t) = Crax!l® i+ e \. erf E;——~ - er{ Hy-“ t 2)

where

.
'

v e b T——————

‘max

20 Ynude
w 2

L e 4Xe )
Sz J‘T.i ‘(13)'

/.

correction term which takes into acrount the presence of
the side walls of the channel

B B
y -V +3 -W - y + W, + 5
- i(’"’""g"‘“g) S e e )
Sy vy . y +
B
y+ W, -3
- exrf ( _§_-Z>
5
y

= distance above the bottom of the viver

4

Frefield

Average concentration under steady state conditions is determined

from the continuity equation

It can be shown that after a downstream distance Xcri given by

W 2
= .._B. 1 gq_ _1_._
Xord (B ) (ez>d 4 {16)

the peak concentration given by equation 13 will be less than that given

by 15. Hence, the dividing line between "nearfield" and "farfield" could

be take s X .
¢ taken as critical

The values of e and ey etc. used in the above equationa have to

be evaluated for each river, using the corditions of veloecity, bed
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roughness, etc. ‘These methods have been indicated in "Assessment
Models in Support of the Hazard Assessment Handbook (CG-=446-3)"
(rep. ## CG-D-65-74).

The width (B) of the line source could be considered equal to the
width of the equivalent rectangular source (see Appendix A) for the

water dlspervsion calculations.

(1i) Moving Source on the Surface of the River

A slowly dissolving and lighter-than-water chemical introduces
the pollutant (chemical) into the water stream continuously. The
location of the source changes every instant because the pool of

chemfcal 1s floating downstream at the stream velocity. Because of

this source motion, the concentration felt at any particular location
of an observer in the stream changes with time. It first increases
and then decreases if the observation location is downstream of the

spill point.

The actual situation of water dispersion from an expanding
pool (which stops expanding in the cross stream direction after its
diameter becomes equal to the stream width) dissolving slowly and
moving downstream 1s extremely difficult to model. Instead of con-
sidering all of the complications involved in the model, the analysis
presented below uses a simpler approach of considering the source
as a moving point source on the water surface. This approach is
expectad to yield a conservative number for the maximum concentration
level reached at the bottom of the stream, compared to when the

area source (of time dependent area) is used.

Let

n(t) = dissolution rate of the chemical (kg/s) at time t.
This source strength is obtalned by methods illus-

trated in Section 2 of this chanter.

X,Y = coordinates (relative to the initial location of the
spill) of the point within the stream at which con-

ceintration 18 needed as a function of time.

In developing the model, the following assumptions are made:
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Assumptions

o The dissolution rate is so small that the n.xing by turbulent
eddies keeps the concentration within the zune affected (see

Figure 1I-4) egsentially a constant,

1]
o This zone of pollutjon moves downstream at the velocity of the
stream and also expands in volume due to the turbulent diffusion
of the pollutant.

Two cases are possible; namely, (1) when the pool of liquid is small
and diameter smaller than the width of the river, and (2) when the pool
of liquid has expanded to such an extent that it cannot expand any
more in the lateral direcc;qn and‘therefore behaves as a one-dimensional

pool. Only the first case is considered below.

When the pool diameter is smaller than the stream width, the
geometric shape of the zone (within the stream) affected by the poilu-
tant after a duration of t from the moment of spill can be approximated
by a parallelopiped. The dimensions of this parallelopiped are esti-
mated by assuming a turbulent diffusion of the dissolved chemical {into
the bulk of the river.

Length (streamwise) of this affectied zone

0, - { 2R if R > Ve t (7
QVHe;f if R < Vﬁexg
Breadth (cross stream) of the affected zone 13 estimated by
IR i1f R > Ve t
b = y (18)
v 2/neyt if R <« Vneyt
and depth (d) is estimated by
d = vie t (19)
v 2 .
Hence, the volume of the affected zone is
V(t) = b d (20)
ARVARY;
and the mean concentration is
L M)
Cmean(t) 0.V(t) (21)

61




Spill Point
3 . Zone Within Which There
E is Significant Position of the Chemical Pool
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- 2 FIGURE [1-4 DISSOLUTION AND DISPERSION OF FLOATING CHEMICAL
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t
where M(t) = j. m dt = mass of dissolved chemical in duration t (22)
o

The concentration at any point P (see Figure I1I-4) is smaller by an
order of magnitude compared to the mean concentration (equation 21)
if the point P is outside the affected zone. I1f, however, 7 is within
the affected zone, the concentration could be as high as Csat and as
low as essentially zero.

An approximate way of calculating the concentration at any point
P is given by

2 y 2 ] 2 1 2
_(3;) , ()’_.) -(L.J_E) - Kz_:_ﬂ) ]
s 8 8 s
C(X')y'!Z"t) = C e x [e b + e y y

sat te
(23)
2 2
_(g) _(z' - 2d>
s, s
X [e z + e y
where x', y', 2z' are the coordinates of a point in the water relative
to an origin located at the center cof the pool of chemical on the
water surface
s_= 2Ve_t
X X
sy = 2Ve t = Dispersion parameters in the three (24
y respective directions 24)
s, = 2ve_t
4 FA

Referring to Figure II-4, the coordinates (x', y', z') of the point P

relative to 0 are

= L{t) = X - ut

£
I

y' = Y (25)

z' = Z
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Specific Example for Section 3

For the purpose of the illustration of the calculation procedure,
we conslder the data given in the example for Section 2. The formula
and calculation procedure for ootaining the turbulent diffusion coeffi-

cients are elaborated in Refercnce 13.

W
100
Width to depth ratio for the river = EB = “Igg N~o67

Therafore, the river can be assumed to be narrow.

. 1000 x 15
1 (30 + 1000)

Hydraulic radius of the river = R, = 14,56 m

(Assumed) Manning friction factor n = 0.03
Stream velocity u = 2 m/s
Distance of the observer X = 500 m

Observation point located on the ground at midstream

3.124 n u
1/6

R,

Hence, shear velocity (in $.T. Units) v* = 0.12 m/s

i

From cequation 4,3 of Reference 13, we have

e, = turbulent diffusion coefficient in z direction = 0.067 u* Rh
2
= 0.117 m" /s
e =0, e = 0.012 m2/s
X z
. 2

= 0. * = 0, 5

ey 0.23 u Rh 0.402 m“/s

Line source strength obtained from the result in the example in

-3 _
m' = N/, = 6.125 x 1077 6.125 x 10 4 kg/ms

Secti
ection 1 10

From equation 13, we have

6.125 x 1074 -8
Cmax = = 1,597 x 10 kg/kg of water
2 % 1000 x V71 x 2 x 500 x 0.117
_ 4 x S00 x 117
s, _V 5 = 10.82
y =¢. X sog X 402 _ 50 05 o

e f B\ 3 \.
etf(zsy) erf (2 . 20'05) 0.14032

64




"y

| &
E' From equat lon 14, we have ji
| e lops 1000+ 2.5Y _ ,.; 21000 ~ 2.5

L ["”( 20,05 ) “'”( 20.05 )] *

: e 12000+ 2,57 o fro00_- 2.5 [, 7229

3 ‘ 20,05 o 20,05 3,554

i

k Hunce ¢« {8 very small

. From equation 12, we have, theretore,

H

- - . -8

L Ce500 m, o, o, t) =1.597 x 10 8 x 2 x 0.14032 =0.,4482 x 10 kp eof chemical/

b kg of water
: A simllar procedure can be used to caleculate tlie concentration in 3
! the river when the chemical is dissolving while tloating downstream.
- DISCUSS 10N

In this chapter, thres phenomena have been analyzed, each one in
some way connected to the other two.
The tirst physical model consldered is the dissolution rate of a

pool of heavy liquid of low solubility present on the bottom of a river,

The calculations have been made by assuming the immovable liquid pool

to be a flat plate in an open stream, The result leads to cquation 6.

One of the major assumptions used in deriving ecquation 6 {rom flat

plate theory is that both concentration and hydrodynamic boundary

ﬂ layers start at the leading edge (upstream end) of the pool. However,

in a river flow, this is not true. The hydrodynamic boundary layer

3- depth is essentially the depth af flow in a river hecause of the fully
i developed nature of the turbulent flow in the river. The concentration
;. boundary layer, of course, begins at the leading edpe as has been assumed, 3

Because of this difference in treating the problem, equation 6 is

expected to yield a lower .dissolution rate.

At analysis taking into account the fully developed nature of

the flow boundary layer and the developing coucentration boundary layer

is given in Appendix C. It is seen that the results obtained
by a simple flat plate analysis (equation 6) and the refined analysis

2 (equation 8) are not very different. In the latter case, how-

ever, the stream depth enterg as a parameter. This is so since the E

velocity distribution in the stream is related to the depth of the river.
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Another ilmportant resvlt obtained in the analysis is the insensi

tivity of the total dissolution rate to the shape of the pool. The

shape factor S given in Table II-1 for various simple geometrical
shapes indicates that so long as the areas of the different pool are

the same, the dissolution rate does not vary very much, (The maximum

variation 1s about 11% compared with a rectangular geometry.) This
1s an extremely interesting and important result in that for calculating

u ' stream pollution levels, the pool shape uneced not be known very accurately.

1n Section 2 of this chapter, the spreading downstream movement
and the dissolution of a slowly soluble, lighter than water chemical
has been analyzed., 1t 1s seen that because of the movement of the
pool at essentially the same velocity as the water surface current,
the mechanism of dissolution 1s primarily due to the river turbulence.
Except for the random eddy motion which is a part of the turbulent
atructure of the river flow, no sustained dissolution of the chemical
is possible. 1This can be explained from the fact that the dissolved
chemical will also be in the neighborhood of the pool which would
result in a continuous decrcase in the solubllity potential (CSat - Cfreeﬁtream)
The example considered indicates the extremely small disgolution
rate. Because of this, it is fair to surmise that the spilled chemical

persists for a long time on the river surface,

The pollution hazard from such a traveling chemical pool seems
to be limited to a size comparable to the size of the pool and traveling
downstream. The lateral dispersion of the dissolving chemical is

accomplished by the strecam turbulence.

In Section 3 of this chapter, models are developed to predict the

downstream concentration of the chemical dissolving slowly. Both

stagnant pool and the travelling pool have been considered. 1t is

' seen that because of the small concentration boundary layer thickness

L (in the case of stagnant pools) at the trailing end of the pool, a
! line source description is more than adequate. The turbulent dispersion
coeflicients are obtained in a manner dfscussed in one of the CHRLS

reports (Reference 13).

i Equations 12 and 23 give the concentratlion in the river for a

4 fixed line source and a moving surface point source, respectively.
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—ﬁ In both the equations, the presence of the side and bottom walls of

the river channels have been accounted for., 1t should be noted that

these equations give the best estimate value of the concentrations

bezause of the gross siluplifications made in describing the turbulent

SOl

diffusion process, The channel geomebry is assumed o be rectangular,
the spill is assumed to occur In the center of the river, and chuarac- L
9 terfstles of the xiver are assumed to be similar In all locations (aud

therefore identical turbulent diffusion coefficilents). Nene o the

. above is strictly true dn an actual river. In zddition, several other i
; complications such as secondary flows, nonunlform velocity distribution, i

gi; etc., in the river have not been considered. However, the concentrations

?2_ predicted would not be off by orders of magnitude compared to any realistic

“%: value that may occur in a given splil.

Sever.al other useful relations are derived, such as the si=ze of
the affected zoue (equations 17 through 19), mean concentratioa
(equation 21), and in the case of stationary source, the distance
downstream (%:rir) beyond which one-dimensional dispersion theories

are applicable.

CONCLUS LONS

Models have been developed to obtain the dissolution rate of a
chemical (which has low solubility in water) when it is gpilled on
water. Both heavier than water and lighter than water liquid chemicals
have been considered. Also developed are the models to calculate the
downstream concentrations of the dissolved chemical as a function of

3 t {me aud spatial location.
It is seen [rom the analyses Lhat:
¢ The dissolution rate is very small for most river situations.

s For the heavier than water liquid (pools) dissolving, the total

dissolution rate is essentially independent of the shape of

the pool.

@ Jor calculating the downstream dispersion from such stagnant

- poals, a line source description of the "source' is adequate.
e

l
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ﬁ
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APPENDIX B

Evaluation of Shape Factors for Turbulent Mass Transfer
from Nonrectangular Shape Areas

Figure B-1 shows a liquid pool area from which mass

.. i3 being
;; transferred to the fluid flowing over it (turbulently).
i
| x /f/””’_’_-—h\N‘\‘\\_ |
L — — I
Y1
e Xy e 2 ~—_——_‘{Z]*i1;_ y
I ¥
U —— 4 . . — . . . R
m———

AL G Wl

FIGULRE B-1 EVALUATION OF SHAPE FACTOR FOR
ARBITRARILY-SHAPED POOL

. The mass transfer coefficient at any position on the pool can be expressed
3 * |
] by (See Ref. 2) :

g 0.8 1/3
: l‘—(isl—ﬁ = 0.0296 (9-5> Sc (B-1)

omsibEN,

f; where z is the distance from the leading edge to the elemental area under

WIERH

conaideration. From equation B-1, it follows that the total mass transfer
g rate from the total area is given by

N = [ Csat K(x'y) dA XZ(Y) y2
[ y {8 1/3 dxd
: N = C__._ Dx0.0296{ — Sc ~8XGY o (B-2) ;
sat Y 0.2 El
AN [x-xl(y)] !
! =Xy Y=
i.e
x - | /3, 0.8 )
. N 5(; x 0.0296) C_. D W Sc™'" R (B=3

L




where shape factor

3 Yy X, (y)
8 5= & 102 : : dy g (B=4)
3 5 LW [X-xl(y] .
4 v, x=x, (¥)
;{ It is the object of this appendix to evaluate eguation B-4 for various
é: shapes of pool.
A W2 can rewrite equation B-4 in dimensionless form by defining
. - :‘_(_ Nz 1 = w_ _
8 C= Ty (B-5)
: ; n £
- 4 1 2 2 ds
g S =35 dn s
2 [E,- F,l(n)jr‘
‘ V'AL "1
,7 i.e. 1 ”2 0.8
‘ 5 = w [ [&2('1)-51(n)] dn (B-6)
2 "
A
?? 1. Rectangular Section 4
E — ‘
g, =0, £.=1, n, =0, n, =uw T
= 1 2 ¥ 1 ' 2 - 1w
'f;‘ g = _i; f 10.8 dn = A T_,_,i____l N ;
! Y = I =
o f1 52
Hence Figure B-2

2. FElliptical Section
Equation to the ellipse

2
({"%) + n? = 1

Wt w/2)?

Hence ] Tigure B-3
/ 2
£, () -6 () =Y1- 1—
2 1 (b/2)%
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fer wo= RIB o oapm D
2
4L
b/2

1
s - 4 /
T
t=0
. 2 I (L.4)
Vo r(1.9)
S= 1.075

Circular Section

(see Ref. 14)

Since circle is a special case of an ellipse, and since

the value of § does not depend on the eccentricity of the

ellipse (see above), the value of the S for circle is the

same asg for an ellipse

S = 1.075

Triangular Section

El = n cot a
€2 = 1.
b
w = E = tana

Figure

B w1

S 1T O




Therefore, substituting in equation B-6

(b/2)
) 0.8
g = &7 (l=ncota) dn
y=0
0.8
. o - I (L.8) r(1.0)
: 2;/: (1-t)  de 2 T7(141.9)
: L
S =5 1.111

It can be shown that the above result holds good even when the

base of the triangle is upstream and the vertex downstream.

5, Semicircular Section

£, = 1l-coso n = $in6 >
52 =1 dn = cos de > 4
’ w - 1
. 2
- Figure B-3 A
From equation B-6 we have -
?‘. /2 1.8
i g - 2 L 4xl.8 T (1.8) (See Ref. 14)
| Ty leosOl 0 ="2% T (1.97T2 1
=0 ’,'!
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It can be shown that the same result as above holds good even

when the semicircular section i1s such that the curved edge is on
the downstream side.
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APPENDIX C

ESTIMATION OF THE RATE OF DISSOLUTLON
INTO THE STREAM OF A CHEMICAL
SPREAD OUT ON A RIVER BED

T R O 1. T

i The objective of the unalysis presented below is to estimate

2 the rate of dissolution of the chemical Into the stream.

|

a . The following physical description of the various phenomena

relative to the dissolution are known: (see Fig. C=1)

o The flow in the stream is turbulent.

-l il

e The flow 1s fullv developed, i.e., the velocity profile has

i

developed fully and the entire depth of flow represents the
turbulent boundary layer.

e The velocity profile (time averaged) is unvarying with
x direction. 'This is because the velocity profile is fully

developed and the shear stress from the walls exactly

IAV
y
i
o
I
%
»
2
&
;
2
L
;
IS
]
E
2
£,

balances the acceleration due to the bed slope.

¢ When this hydrodynamically fully developed stream comes in
contact with the <hemical pool on the bed, a turbulent

concentration boundary layer results.

e The problem cannot be solved by using the results of mass

transfer from a semi-infinite flat plate because in the latter

case, the hydrodynamic boundary layer is also developing.

% e Hence, this problem has to be solved either using the pene-

tration model (Higbie-Danckwerts model) or an equivalent

turbulent Graetz problem for channel flow.

73




3

b

i

30

:

f.'

T %§
4" 7§
g Water Surface 3
4 =
I .

: 4
o 2
i g
%i\ %
v —— E
[E’ —_— Turbulent Flow in the River
; e ]

5 i ¥
¥ f River Bed 2
} by
[ P

i iy d "3"»,"“7 SRS AN *\q ‘:.:*;[:;)‘b :

\-17//7' - ’\‘*/?&,dh,;‘ THE , ,
/ 4 / g

\
’ Chernical Which is Dissolving
l‘.' into the Water Stream
FIGURE C-=1 TIllustration of the physical Condition of Turbulent
River Flow on the Liquid Pool
&
]




APVENDIX C

The objective of the analysis presented below is to estimate the

rate of dissolution of the chemical inte tne stream.

The following physical description of the various phenomena relative

to the dissolution problem are known,

e 1The flow in the strecam is turbulent.

e The flow is fully developed, {.e., the velocity profile has
developed fully and the entire depth of flow represents the
turbulent boundary layer.

¢ The velocity proffle (time averaged) is unvarying with x direction.
This 1s because the velocity profile is fully developed and the
shear stress from the walls exactly balances the acceleration due

to the bed slope.

s When this hydrodynamically fully developed stream comes in
contact with the chemical pool on the hed, a turbulent concen-

tration boundary layer results.

e The problem cannot be solved by using the results of mass transfer
from a semi-infinite flat plate because in the latter case, the

hydrodynamic boundary layer is also developing.
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e Hence, this problem has to be solved cither using the penetra-
tion model (Higble-Danckwerts model) or an equivalent turbulent
§ Graetz rroblem for channel flow.

The analysis g:ven below is based on a turbulent Craetz model
where the fully developed velocity profile is assumed, ond this is

used to obtain a concentration profile and enncentration boundary

layer thickness. The results are later compared with flat plate model

and similarities and divergences discussed.

Integral Techaique to Solve a Turbulent Graetz Problem (2~D Problem)

ittt o

i 4 U max

WW‘ 3
! | / 2
é: i Cé
r | Velogity / %
Lo | / " ;|
| /
3 y
: |
3 | s :
) -~

3 FIGURE C-2:

Schematic Diagram for the Derivation of the Dissolution
Rate When the River Hydrodynamics are Fully Developed

il

. Let &§(x) be the thickness of concentration boundary at any distance x
from the leading edge of the pool.

We assume:

st i i

1. Concentration of chemical in water is so small as not to affect
the water density.

' 2. Evaporation rate is small and hence the hydrodynamics of the
f@ flow are not affected.

3. The velocity profile is given by(l)

s 1
' Y. - a7 { ).9*) / (c-1)
U, My

<1)"Nodern Deveiopments in Fluid Dynamics,' Goldstein, Volume 2, p. 340,
equation 25.




e

and 1
u —
mean _ 4 o1, [ U h 7 (Cc-2)
Uy Yy
1
tes & = L143 (y/h)’ (c-3)
mean
a. Mass Balance to Layer Within the Concentration Boundary Layer
6(){) "
d Fr = -4\
pe p, Y dy min (C-4)
o]
b. Specie Balance to Layer Within the Boundary Layer
Let G be the concentration (in density units) at any location. Then
L A y
ax uey dy = hyig + Mg (c-5)
0
Substituting C-4 in C-5 and assuming 0y = Dw c, where ¢ is concentration,
we get
6 (x) "
4 j o, u (emey) dy = (C-6)
dx
0

Assuming that the turbulent dissolution rate can be predicted using the

analogy, we have

n
. 1
m e 2
dis 4 - £
0. - -
. 0225 (°sa: cm> u(6) v, s 3 (c-7)
Su(8)

Substituting C-7 in C-8, we get

5
d u c - <y
—ax “(G)J 50) (—————-) dy = 0.0225 [
C “ C
sat @

0

- 2/3
u(d8) Sc

|
e

(=]

u(8) ]
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Let us assume c ~ Cun %
— = 1- (Y/8)
Csat Cw
1
7
and u - (yld)
u(8)
Hence, we get
1
XE_ 4 Sc “2/3
_g_ Su (6) (l n ) dn = 0.0225 u(8)] & u(s)
dx
1
4

e, d |sue)] . 72 ~2/3 Yy
T [“ ] (7= x .0225) S¢ u(é)[ﬁu ]

Using equation C-3, we get
| 1
u (uCNrv_q4 . =1
nJ ) T
h Uy

hu o d [L u(s) ~2/3

m

Let & = ~§ , n = &/n
Hence . 1
1 7 - 2/3 -4
n?7 d (mn) = 0.22 sc Reh
dg
Hence, integrating we get
3 -2 -1
n = 0.248 & Sc 3 Rey 4 1 (C-8a)
1 _2 _1]9 1
fie, n = 03376 [sc > Re ° g’ (C-8b)
1
36
f.eo, 8 _ _0.33755 {(h/x) (C-8¢)
x T T 1
Sc 27 Re 36
X
Us ing the definition for mass transfer coefficient KL’ we have with
equation C~7 and C-3,
LM 1
m.. * . 2/3
K= _T(_:{.if's ey < 0:0225 u(®) w?g)14 Se
’ “w'bsat ™ u J
R 4
K = 0.026u_ Re, 4 s 3 1
L ) m h B (C-9a)
7
n




(Modified Sherwood Number) Sh is given by

- - 2/3

R Sc
Lok %h
sh = u 0.026 177 {C-9b)

|

Substituting for n = §&/h from equation C-8b, we have
8

L2,
sh(f) = 0.,0305 | Re 4 e £ (€-9¢)

L4
i

Hence, mean Sherwood number over a length "L" of the’bool is piven by

O [

I r'max
Shi) = %f Sh(x) dx = % f Sh(r) dt = -2— Sh (6 ax)
o max O
2 _ 16 i
— 7 (h ) 9
f.e., Sh (L) = 0.0343 [:Gig ] I s (~f—)
2/ 44 .
_ k(L) 2/3 Sc lh Y
) = -——  Sc = 0.0343 ~——r h (c-10)
u 2/ L
n ReL 9

Compare this equation to the flat plate equation which is
2

W = 0037 / re PP (c-11)

Comparing equations C-10 and C-11, we see that th2 dependence of
the j factor on the Reynolds number is almost identical (if we neglect
the small difference between 2/9 and 2/10). However, the present
analysis gives a Schmidt number and depth to pool length dependent
result. However, the values of the fractions in the indices of Sc and
(h/L) are very small compared to unity. Hence, it is expected that
the results obtained for the value of the mass transfer coefficient by
using the present method will differ very little compared with that
shown in the following way:

Mfg) this analysis

®)

Let R =

flat plate

AL o it 7o b - il g T
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Using equations C-10 and C-1ll, we get

R = (’L) this analysis - 0.927 ic :
() flat plate R 45 (h/L) /9
L
Value of R is given in the table below for certaln variations of the
parameters
h/L Re Sc = 1.0 Sc = 100 Sc = 1000
10° 0.755 1,062 1.259
1.0 107 0.718 1.010 1.198
10° 0.682 0.959 1.138
104 0.756 1.063 1.261
0.5 10° 0.719 1,011 1.200
10° 0.683 0.961 1.139
10% 0.904 1.272 1.508
0.1 10° 0.860 1.210 1.435
10% 0.817 1.149 1.363
Discussion

The above table shows that the maximum variation in the ratio
of the two ] factors will be by about a factor of (1.508/0.682) ~ 2
within the vange of flow and other physical conditions that may be
encountered in actual practice, It 1is impossible to say whether
the model derived in the present analysis 1s any superior to that
of a flat plate flow model. It is to be kept in mind that in
reallty under turbulent flow conditions in a river there may be
other phenomena which may have strong influences on the dissolution
rates (like swirls, wavy bed, large protrusions at the bed, etc.).

All these will certainly contribute towards increasing the mass

transfer.
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It may also be pointed out that the results obtained in the model
(equation 0~10) would be slightly different 1f instead of using the 1/7th
power law velocity profile (equation C-3), the logarithmic velocity pro=-

file was used. However, the result will not be significantly dlfferent

bR N

9
i from that obtained in equation C-10. ,§
. Sample Calculations: Data same as that used by Robert Reid. 1%
Chemical ~  CHLOROFORM 5
£ . E
é. : Sc = 943.4 Solubility = Coat = 8 x 10-'J kg/kg 3
;. ; 3
2 Rey, = 107 Density @ p, = 1490 kg/mj g
g L = 10 meters
P h = 5 meters (say) Thickness of -
Y liquid film 0.04 m j
u = 1,05 n/s
mean
- - g -3
j;, from equation C-10 = 1.712 = 10
= o.=2/3 < ~5
8 llence K = Sc Upean JL = 1.869 x 10 m/s
:

1 . -5 3 -3
L Mean dissolution rate C ) =1.869 x 10 x 10 x 8xl0
‘ per unit area *

It}
A1
heol
—
(@]
!

= 1.495x10™% kg/mzs.

Mass of chloroform

_ 2
spilled/unit area 1490 x 0.04 = 59.6 kg/m

59.6

11 S 58 - 4 o= . 5.
me for complete dissolution 1495x 10 4 110.7 hrs
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APPENDIX D

Slowly Dissolving Chemicals

Viscosity Py
Ratio —
CHRIS Solubility u u
Chemical Chemical in Water _1ig Density State
_Code Name kg/100 kg Hy Ratio at STp
ACD Acetophenone 55 1.99 1.028 L _
ALC Allyl Chloride .33 .33 .938 L i
? AML Amyl Acetate 2 1.02 .876 L
; BAL lso~Butyl Acrylate o2 .83 .889 L
% BNZ Benzene .18 .65 879 L
i BTG N-Butyl Acrylate ) ] .899 L
BzZD Benzaldehyde 3 1.4 1.046 L
CAY Calcium Chloride .018 - 3.18 S
CAl Calcium Hydrexide .13 — 2.24 8
? CBT Carbon Tetrachloride .08 .952 1.59 L 3
: CHX Cyclohexane 015 1.043 . 779 L %
i. CRD Chlorobenzene 049 .8 1.11 L
? CR¥ Chloruvform .8 .57 1.49 L
I DBC Di~isobutyl Carbinol .06 14.3 812 L
DBO 0-Dichlorobenzene .015 .7 1.306 L
nep 2,4~Dichlorophenol 46 - 1.4 S .
hov Dioctyl Phthalate .005 6.0 .98 L
nrp Dichlore Propane .26 <99 1.158 L 1
i npr Dicyclopentadiene + 02 7 -978 L
: NTH Dowtherm .00138 3.2 1.06 L
EBi Ethyl Butanol W43 o7 834 L
. 82
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CHRIS
Chemical

Code

ECL

EDB

LDC

EnY

EHX

ETB

1BA

104

15A

MAC

MFA

MLT

MPT

MTB

MIC

NTB

NTM

OTA

PCP

STY

APPENDIX D (CONT'D)

Slowly Dissolviny Chemilcals

Chemical
Name
Ethyl Chloride
Ethylene Dibromide
Ethylene Dichloride

Ethylenediamine-
Tetracetic Acid

2~Ethyl Hexanol
Ethyl Benzene
Isobutyl Acetate
Lso-octyl Alcoliol
Isodecyl Alcohol

Methyl Amyl Acetate

Motor fuel anti-
knock compounds

Malathion

Methyl Parathion
Methyl Bromide
Methyl Chloride
Nitrobenzene
Molten Napthlane
Octanol
Pentachlorophenol

Styrene

Viscosity Py
Ratio ;~
Sziuaitiiy Eli& Denzity State
kg/100 kg Hy Ratio at STp
6 3 +9086 L
27 1.7 2.18 L
.8 «86 1.253 L
5 - .86 S
07 9.8 834 L
02 .68 .867 L
6 724 .871 L
.07 10.0 .832 L
.01 6.0 . 841 L
.1 2.0 + 86 L
1077 6.0 1.5 L
+0145 36.8 1,235 L
. 0025 6.0 1,22 L
.09 - 1.68 L. (cryogen)
N .31 .997 L (cryogen)
.19 2.01 1.204 L
.3 .88 1.145 L
6 8.9 .829 L
.1 - 1.98 S
.3 75 +906 L
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H ;
{ :
X APPENDIX D (CONT'D) ?g
Slowly Dissolving Chemicals =
Viscosity Py
. Ratio -
CHRIS Solubility ™ Pw
Chemical Chemical in Water x4 Density State
Code __Name kg /100 kg Uy Ratio at STP ;
: TCE Trichloroethane .07 .86 1.31 L 3
: TCF Trichlorof luoromethane .11 - 1.49 1 (cryogen)
3 TCL Trichloroethylene V11 .58 1.46 L :
5 TCP Tricresyl Phosphate IE~4 80.0 1.16 L 1
TOL Toluene .05 .587 \867 L '3
TPH Trichloro Phenol 1 - 1.7 s
_ TTE Tetrachloroethylene .0165 841 1.63 L 4
‘f. TXP Toxaphene 3E-4 - 1.6 s (for solid) 3
' Vel Vinylidenechloride, .5 .33 1.21 L
inhibited
veM Vinyl Chloride .6 .27 .969 L (cryogen) !
VNT Vinyl Toluene .0089 .837 897 L E

4
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3 f
X
NOMENCLATURE
4
2
/ A = Surface area of the liquid pool (m")
B = Width of line source at the river bottom h
C, ¢ = Concentration of liquid in water (kg/kg of water) :
j D = Diffusivity (molecular) of the chemical in water (mz/s) .i
d = Depth of the stream (m) fl
j ev,ey.ez = Turbulent diffusion coefficients (mz/s) E
1 H = Mean film thickness of the pool at the riverbed (m)
ﬁ ip = Dimensionless mass transfer coefficient (colburn j factor)
? % St:2/3 (equation 4)
2 K = Mean mass transfer coefficlent over the length of the pool
s (kg/m? s) (see equations 1 and 10)
) 7y
: L = Maximum extent of the pool in the stream flow direction (m)
! L(t) = The downstream distance of travel of the center of the floating
f pool in time t E
M = Mass of chemical dissolved in a time period t (kg) x
2 . :
, m' = Line source strength 1in kg/m s
3 m'! = Rate of dissolution of the liquid in water per unif interface k-
32 dis 2 3
: area (kg/mé s) 3
3 E
. N = Total dissolution rate (kg/s) of the liquid
v,
3 R = Radius of the floating pool as a function of time (m) y
k; ReL = Reynolds number based on stream mean velocity and langth of 3
' u L
liquid pool = —=
"
f' s = Shape factor (see equation 6 and Appendix B) 3
i \Y) >
3 Sc = Schmidt number of the chemical = BE -
i T = Temperature uof water (K) %
u = Mean velocity of the stream (m/s)
2 85
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u'2 = Mean square fluctuating velocity in the river (m2/92)

\' = Volume of the water affected by the dissolving pool in
floating pool case (m3)

w = Equivalent width of a rectangular pool of length L and having
the same area as the actual pool (m)

WR = Width of the river (m)

w = Agspect ratio of pool = W/L

X = Downstream distance from the trailing edge of the pool

y = Cross stream distance from the middle of the river

z = Vertical distance above the river bed

Subscripts

bulk = The condition in the free stream of the river

surf = The waterside conditions at the surface of the liquid pool

w = Water

sat = The saturated condition of the liquid in water
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GREEK

Boundary layer thickness

Dimensionless crossstream distance
(also see Equ. C-8a)

Mean eddy size (see Equ. 9)
Kinematic viscosity of water

Dimensionless stream wise distance
(Also see Equ. C-8a)

Density of liquid
Density of water

Dimensionless width of liquid pool

(m)

See Lqu.,
B-5

(m)
(m? /s)

See Equ.
B-5

(Kg/um>)

(kg/m)

See Equ.
B-5
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CHAPTER II1

DISSOLUTION OF COLD AND SOLUBLE CHEMICALS UNDER WATER

OBJECTIVE

The objective of the analysis presented in this chapter is to
obtain an estimate of the fractional mass dissolved and the fractional
mass escaping into the atmosphere in the form of vapor when a cold.

soluble chemical is released at large depths in a water body.
INTRCDUCTION

Some marine accidents may be visualized in which a volatile, yet
soluble, chemical is released under water. Simultazneous boiling and
dissolution can be expected to occur under these clrcumstances. How-
ever, several other phenomena may also result depending on the pro-
perties of the released chemical and the environmental conditions.

The fraction of the released chemical that escapes into the atmosphere
is expected to be a strong function of both the solubility and the depth
of release. If the chemical 1s released at large depths, the hydro-~
static pressure may be sufficient to inhibit boiling. Under these
conditions the chemical simply dissolves in water. If the water tem-
perature is higher than that of the released chemical, transfer of heat
occurs and thils results in a temperature rise of the liquid. Boiling

of the chemical is initiated when 1ts temperature reaches the satur-
ation temperature corresponding to the local pressure. One other lmpor-
tant phenomenon that has to be considered in a liquid-liquid boiling
system is the liquid superheat. In the absence of nucleation sites

for boiling, a liquid will not boil even if its temperature is equal

to or exceeds the saturation temperature corresponding tc the pressure
at the location of the liquid drop. Any heat transfer from the

ambient fluid to the volatile liquid results in lte superheating. It
has, however, been found experimentally (and predicted theoretically)

that there is a limit-temperature up to which the liquid can be
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superheated at any given pressure, If the temperature of the liquid
drop reaches this superheat limit-temperature, spontaneous (and in many
cases violent and explosive) boiling occurs, whether nucleation sites

exist or nnt.

A thorough and completely genevral analysis of the consequences
of an accident involving underwater release of a cold, soluble chemieal
1s exceedingly difficult. Dissolution and boiling rates are strong
functions of the iﬂ{cial drop size. A release accldent results in the
formation of a spectrum of liquid drop sizes. The relative abundance
(or distribution) of these drop sizes depends to a large extent on the
mode of release (i.e., the dynamics of the accident). The properties
of the relecased chemical are also important. There is no way of
quantifying the accident dynamics at the present time, nor is there
information in the literature on the expected initial size distribution

resulting from a liquid relcase at large depths under water.

The effect of hydrostatic pressure on the solubility of the
chemical during the dissolution of the liquid drop in water merits

consideration. 1t is well known that the solubility of gases depeunds
on the pressure as well as on the temperature. In the case of a liquid

drop dissolving in water during its ascent or descent, the hydrostatic
pressure changes. Also, for a release at large depths, the total
pressure itself is high. The problem of dissolution can be treated

in this case only cn a quasi-steady basils - that 1s, assuming that at
every instant the concentration of the solute at the liquid drop-water
interface is equal to the saturation concentration corresponding to the

local total pressure.

Another important issue relates to the effect of initial liquid
deneity, If it is less than that of water, there is no question ==
the volatile liquid will rise to the surface and vaporize. However,
if the initial 1liquid density is higher than that of water, the liquid
will tend to settle and at the same time (possibly) vaporize. Should

there be little or no disengagement between the residual liquid and

90




i evolved vapor, then the net density of the drop will, of course, decrease
and the drop/bubble may even rise., If, on the other hand, vapor can move
away from the drop, the liquid portion will sink, whereas the vapor
portion will rise. Most data available in the literature have centeved

'g upon liquids which are less dense than water (e.g., ethyl chloride,

deasity » 0.90 g/cmB). An analysis of this case may not be applicable

3 to sulfur dioxide (density v 1,45 g/cmB) or chlorine (density ~ 1,47
: (1)

3
g/em™) . In a preliminary study of liquid chlorine spills in water

for spills up to 10 gallons, the dense chlorine liquid was never seen

to sink; it was buoyed up by the rapid vapor evolution, and boiling

occurved on the surface.

This brief description of the behavior of a cold, soluble
chemical released in water indilcates that several aspects of the problem
have to be considered in a theoretical analysis. Figures II1I-1 and
1T1~2 indicate schematically the possible events that can occur. 1In

g Figure 1II.1l-a, a simple case is illustrated. A liquid drop rises

N to the surface, 1s warmed by heat transfer and reduced in size by

@; dissolution. Although the ambient pressure decreases during the ascent,
? boiling does not occur until the liquid reaches the surface. 1In

8 Figure II11.l-b, the same sequence 1s described, but in this case, the

drop attains the superheat limit temperature, T_ , before recaching

SH
the surface. When thils occurs, the drop fragments and bolls violently.

The residual vapor bubbles then will rise and dissolve further,

In Figure 11I1.2 similar scenarios are described for a liquid drop
that is more dense than water. Not shown is the case where the
liquid drop, upon entering the water, entrains a small amount of vapor.
This vapor will grow by vaporization and can lead to a buoyant force

sufficient to 1lift the vapor-liquid ensemble back to the surface.

Vapor is then purtially shed out of the liquid, and the vapor bubble-

liquid drop ensemble again falls. The sequence may be repeated until the

X drop is completely evaporated or dissolved.
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Figure 111-1 (a)

Sequence of possible events when a lighter
than water, cold, soluble liquid is
introduced at depth H

Drop reaches surface without
- attaining TSH‘ All remaining
mass goes as vapor

Pressure decreases
as drop rises

- . » Mass loss from dissolutlon
5 changes diamaver

Temperature rises \
from water heat ;
transfer A L

\ C) DrOP at depth H
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Flgure III-1 (b)

J‘//,/Bubbles egcape to air

| e Yapor bubbles dissolve

Bubbles rise, lose N o .
mass, pressure and Coy
diameter decrease ’

When drop reaches TSH; drop
explodes into N

identical bubbles of

radius r , pressure p,
temp. TSH

Pressure decreases as drop
rises

________._._.__’-—
Mass Joss from dissolution
changes diameter of drops

Tempersture rises due
to heat trangfer from

water

Drop at depth H

O
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Figure 111-2

Sequence of possible events when a heavier
than water, cold, soluble liquid is
introduced at depth H

(a)

O Drop at H

i

Temperature increases
e

T=T
(:) bot:t:or%H

Q

(b)

Temperature increascs

(5/

~.\‘~v=— Dissolves before T = T
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Sinks and dissolves; the
diameter decreases

Disolves completely before
and before reaching

Sinks and dissolves, diameter
decreases

Reaches bottom; new h, kL

SH

i
i
i
b
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fit

e

Z Bubbles escape
5 releasing vapor
£ to air i
3 =
i, Drop at H 3
P (c) Bubbles dissolve be- 2
;- fore reaching sur- E
- face e}, f
: :
— - s P .
Sinks and dissolves; Presgure decreases,
diameter decreases diameter becomes smaller
= Temperature Dissolve--mass loss ‘
increases £
L
.. o - ;
%g Reaches T = TSH before 'e) Bubbles rise at ;
¥ reaching bottom; explodes terminal velocity :
L into N bubbles of T = r , T = Tqay i
i c SH
§ pressure
%

9) Drop at H A

@
Fi Reaches bottom before :
: 8inks and dis- T o= TSH; new h, kL values
3 solves; diameter
§= changes
: Temperature
a increages
| then reaches T_  and
f ¢ e
, explodes as in (c) ;
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ANALYSES

In order to formulate ptoperly the dissolutio. problem, it is
necesgary to know the physical properties of the chemicals. Therefore,
a list of commonly transported chewicals whose boiling points at
atmospheric pressure are lower than 293 "K has been compiled and is
given in table ITI-1., The data in table III-1 has been taken from
the initial list of 450 chemicals in CHRIS(Z). It 1is seen from this
1ist that the hydrocarbons generally have lower solubility (less than
1 Kg in 100 Kgs of water). 1In addition, all the hydrocarbon liquids
are lighter than water. The halogenated co-ipounds have reasonably
high solubility in water. Some of them, such as vinyl chloride,
cyanogen chloride, chlorine, etc. are also highly toxic. Most of the
nitrogen - and sulphur-based compounds in table IITI-1 are either
reactive or are highly soluble in water. The behavior in water of some
of these chemicals (such as ammonia) has been analyzed elsewhere;(3)

that of phosgene 1s discussed in another chapter in this report.

DYNAMICS OF VAPOR BUBBLE AND LIQUID DROP MOTIONS

(a) Vvapor Bubbles

The determination of the dynamics of gas bubble motion in water
(due to buoyancy forces) from purely theoretical considerations is
extremely difficult because of the internal circulations within the
gas bubble, the effect of surfactants (if any), the deformation of
the bubble, etc., TIf one observes a rising air bubble in water, it
1s seen that in relatively large bubbles (mean diameters of 1 to 2 cms),
the motion is pulsating; the bubble moves with a tumbling motion and
the shape of the bubble 1s far from being spherical. The dynamics of
the bubble are significantly affected by the bubble Reynolds number
(Reb). As Levich(a)
v 0.2 to 0.3 cm in diameter), the shape 1is nearly spherical, and in

points out, for a Re, < 700 (bubbles less than

water they rise almost vertically. Above this Reb value, bubbles tend
to become flattened ellipsoids with irregular boundaries. The rise of

such bubbles resembles a spiral and, surprisingly, the rise velocity

96

e o e e s sam = Y % s . o

e o




ANVHIZNOYONIA1d

700%0°0 ‘5011 G1°6 86Z/£°0 2769¢ a4 €E€T/0T71 —CdOTHOOROR dOK

%00%0°0 TLTET 61576 - 87t 0% "6t £67/766 3QTYN0Td NASOYAAH XJH
7007070 “9¢8 78576 - 9°y7¢ *88T1 88T/T611 JATJOTHD

NID0¥q AR OGH

%00%0° 0 TTEE 968°8 - 9951 ‘68 $8/0061 ANTIONTA XXd

700%0°0 “Grel 91876 €67/9°0 7097 ‘687 $82/906 JAIYOTHITARLE 104
- - - - T6gt Lyl 88¢/06tT ANVHLIR

-0340071d C40THIIA 404

200%0°0 "9801 £96°6 867/€9°0 AL "0LT 88T/9Tn1 ANTHOTHD X10
- RUN A G ol - - "98¢ €L2/TTT JAI190THD

NFOONVAD 123

SAN(I0AN0D QILVNIDO'IVH

9162~ 7°€18 $56°8 - § 4T 1€2 €22/06S INVA0¥d  dud
91°9z- 0°58:% $%6°8 - “69¢ sz 972/609 ANT1£309d  1dd P~
911~ 6°68¢€ L6178 - L7061 111 £11/2TY ANVEIAW  HIN
9T ¢E- 8°788 £18°8 - “g0Yy 192 £67/15S INvingosl 14l
%00%0" 0 1611 10<°6 - AL 997 £62/06S aN31alngosl 1€l
91°81- ¢g¢ 718°8 - 1°€82 6971 691/69S INHIA 113
¥00%0° 0 *008 9€€°6 - " S0E $81 S8T/9%S ANVHIZ  HIZ
91°¢E- 67576 $56°8 - STn €47 ££T/009 anvind i€
900%0°0 " 0021 £05°6 - 961y L9 £67/565 INT1ALOE  NLE
oG gE- 5 566 v86°8§ - 0°¢T7 697 £67/179 aNdiaving  1ad
96761~ 1°60. 6 - °30€ 68T €6T/€19 ANATALAOV A0V
SROZAVOOUAAR
T - ¥a1vs 10 34 X S4ud  SOKLIV
(2300 3005 75) & ¢y i, 001 NI 3 -4l IV TWNIT¥I4  dWAL

A1171490710S IY¥DILIND  —-W3AI oNIliod  /DITO

Sinjeladwlal JUDTqW® 2Yl MOTIQ 91w
S3UTog 3uT{1od 950ym Sisomway) pInbil jo 3IsT1 :T-1IT1 2I9el




y Bep ut sI mH ERCRIT

mu ~ ambm onoﬂ - Hm _ s,
Z, -
Aq palenofe st d 2insssad Aue e mH ainjelsdwe] UOIJBINIBS :330YN

700%0°0 RAEN SCL'6 - £Teey "9L7 €6Z/€¢9 ANIWVITAHLINTYL YL %
om.mﬂu 67666 LO%°6 £62/01 0Ly "€9¢ £97/0691 JAIX0Id 3n2Ins ais
500%¥0°0 Teoel 9€976 - Gy "18¢ €67/08¢1 ANIOSOH4 DHd
y00v0°0 “8ZL1 ¢L676 - I%7 “L92 £92/09€T AATIOTHD TASOUIIN 31N

%9°¢ 6671 70" 1T - voIEy ‘96l £62/05%1 daad1xo
~Vd13dl NIO0¥IIN XON
%00%0°0 ‘0L6 6676 - 9°gLE €1 €12/916  3AI310S NIDOWUAH SGH
200%0°0 “L9%1 9166 - L°9SYy ‘661 £67/689 AAINVAD NADOMAZK NOH
¥00%0° 0 “66L1 1676 - ‘69Y ‘98¢ £67/69% AAIX0 INATAHLA X0d
%00%0°0 LTSI v 01 - L AFAYY "08¢ 082/149 INTHVTAHLINIA Yd
0%2/289 VINOWIY
SANNOdIROD *2SIK
WIS NID0ELIN
- “t8ll 995°6 £62/9°0 9 1ty '65C 092/696 JAI¥0THD TANIA WKOA
y00%0° 0 “08tl 6%9°6 86C/11°0 VA “162 £6C/06v1 ANYHIIN0Y¥OMN1S

0¥0THIINL 401
y00nC° 0 8911 90976 £62/9°0 291 “6%C whT/L66 FATA0THD TAHLAKW Dl
98" %e— 9°986 $80°6 €67/60°0 ‘Hon “LLe £60/039¢ AQIHO¥E TAhLIR gl




becomes relatively insensitive to diameter. TIn water, bubbles of this
, slze rise at about 1 ft/s (v 30 cwm/s). Large bubbles (d > 2 cm) tend to
; break down into smaller bhubbles.

. The constant rise velocity of large bubbles ( of radii larger

than about 0,1 ¢m) s given by Levich(a) ast
1
. - %%Eg_ﬁﬁ (_ F’vap_é > (1)
Pu Ny P

For radil less than 0.1 c¢m, the experimental data reporied by

Levich(é) can be correlated by the equation*
I‘z p
1 .
W W
*

The dependence of rise velocity on the square of the diameter (as
indicated in equation 2) implies that most of the drag on the bubble
results from viscous friction rather than turbulent form drag. This
is a rather unexpected result considering that the Reynolds numbers
are about 300 22)400 (so that Stokes lLaw of Resistence is not

; valid)., Levich argues that even at these high Reynolds numbervs,

i the wake behind the bubble is very small because of the gas cir-
culation within the bubble; therefore, the main resisting force

f is due to the visco¥2)friction (dissipation) in water. Based on

i these ideas, Lewvich in fact derives theoretically an equation

’ for gas-bubble rise which differs from eguation 2 ouly in a constant

ractor, but which has the correct bubble radius dependency.
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Large bubbles tend to break up into smaller bubbles due to the
dynamic oressure forces acting on the bubbles during thelr motilon.

The critical radius of the largest size bubble that is stable is

given by Levich(é)
< (3

1
0 i
Py Uy <_y_ﬂ_P) 3
Pu
is the turbulent drag fluctuation factor (due to internal

Where K;
gas motion within the bubble) and is generally of magnitude = 0.5.

' Ligquid Drop Motion
The notion of liquid drops In water has been treated in detail
Here we quote the results.

rb)
().

in the Hazard Assessment Handbook
For a non-deformable drop moving at its termipal velocity
< 5000 (d.e., turbulent

such that the Reynolds number is 400 < Re
motion), the terminal velocity is given by

N

(4)

Brd e P.{Z’_
g . )

O
d 3LD Y
For a deformable drop the terminal velocity is
1
2
3/2
uy = v, (1-6) 1+A (15 ) 5
(1+4)
100
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(6a)

where § = 0,056 We
A= 1.778 a constant (6b)
u2 r
d d
We = p — = Weber number (6c)
«0.5" (6d)

CD = drag coefficient = 0.5

Therefore for a given drop radius (rd) the terminal velocity Yy
must be obtained by a trial and error procedure using equation 4, 5 and
60

Large liquid drops tend to break up at Weber numbers of the order
of 10.+ Based on this critical Weber number criterion, the maximum

gize of stable liquid drops 1s given by

8]

(x ) = 2.79 /

d’c ; o
5 -t (7N
Vol

*1n general the drag on a liquid drop due to its motion through
pure water is less than that of a solid body of equivalent diameter.
This tresults because of the flow circulation that develops in the
liquid drop. However, in the presence of surface active materials
(which can be expected to be present in natural stream rivers and
lakes), the circulation in liquid drops is inhibited to a consider-
able degree with the consequence that the motion of the liquid
drop is more like that ?£)a solid body than that of a liquid drop.
For details see Levich , Sections 73 and 74.
+Levich's theoretical criterion (Section 79 of Reference 4) is

wec= 2. However, experiments indicate that drops ar? stable. for
hizher values of the Weber number than the above.<19
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SOLUBLILITY

In general all chemicals can be classified (qualitatively) accord-
ing to their solubility limits in water as very slightly soluble,
alightly soluble and very highly soluble, 1t is however, difficult to
ﬂ establish precisely the category to which a given chemical may belong.

Slightly Soluble Chemicals may be defined, somevhat arbicrarily,

as those whose equilibrium liquid concentration in water (at 1 atmos-

phnere pressure) is less than 1% by mass. Ethyl cnloride (5 = 0.67%) and

Vinylchloride (S=0.6%) would then belong in this group. In order to ‘
5 take into account the variation of solubility with pressure, the 551
solution effects have to be considered. Henry's Law indicates that

under equilibrium conditions

; Py = Hi(l) Xi (8a)
. ,th ,
and p; = PY, = partial pressure of 17 sgpecie
in the vapor (8b)
where Xi = mole fraction of ith specie in water
g Yi = mole fraction of ith specie in vapor
P = total pressure

Hj(T) = Henry's Law constant for the ith specie (a function
of temperature but assumed to be independent of
3 the liquid composition)

Often, instead of using the mole fraction X, in water, the liquid con-

i
centration C? (moles or mass/volume) is employed. For a single compo-

nent chemical dissolved in water we can write

L
Py = Gy Hi(D (9)

p

where pL is the molar density of pure solvent.
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In the case of Highly Soluble Chemlcals (ammonia, hydrogen

sulphide, ete.,), the solubility relation is more complex:

o0 o .
Py =9y PY =y Pup, X151 M %y (10)
vhere ¢i is the fugacity coefficient of i in the vapor phase (in ideal
gases it is unity) and Yy is the activity coefficient of 1 in the
S liquid (a function of P, T and Xi, though the effect of P 1is small).
ff The activity coefficeint 1s based on pure liquid solute at T (i.e.,
sl Pz Pvp (T y? is also a liquid activity coefficoint, but it is
: 1
based on a standard state of infinite dilution, P = HI (ideal gas).

Normally, for dilute solutions, the infinite dilution standard state
is preferable; in any case, y must be known as a function of composition

and temperature.

Figure I1I-3 schemetically illustrates the variation of vapor
partial pressure of a given solute over a solution, as a function of
the molar concentration of the solute in the solution, Most of the

chemicals considered in this chapter have relatively low solubility

4
4
4
}
k|
=1
=]
2
2
g
E
]
E
3
g
3
E
3
|

(and therefore the activity coefficient yim can be considered to be
unity). Table TII-2 gives the solubility of various hydrocarbon gases.
The table indicates that the solubility increases with an increase

o il

in temperature.

a HEAT AND MASS TRANSFER BETWEEN WATER AND VAPOR
b BUBBLE OPR._LIQUID DROP

R B st

(a) Vapor Bubble

The mass transfer rates from single vapor bubbles moving in water
are reasonably well established by experiments. Several correlations N
are discussed by Raymond and Zreminski(6> (for the dissolution of Co2 i
in water) and by Johnson et a1(7). Sherwood et al(B) have reviewed the
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Table I1I-2

Solubility of Hydrocarbon Gases in Water

at Atmospheric Pressure

Note: Solubility 1s expressed by the relationship

p (mm Hg) = K X (mole fraction in solution)

COMPOUND

ACE, Acetylene

BDI, Butadiene

BTN, Butylene
BUT, n-Butane

ETH, Ethane

ETL, Ethylene

I8L, Isobutylene

IBT, Isobutane

(

T
oC)

10
U
30

37
20
19.8
29.8

1.5
10.5
19.8
29.8

10
20
30

20

25
45

K REFERENCE
(mm H )

g
0.54x10°
0.73x10°
0.92x10°

1.11x10°

3,1x10°
6.0x10°
1.1x107
2.89x10’

4.06){107

1.01x10
1.44x10
1.91x10
2.52x10

4.2x10°

5.8x10°
7.7%108
9.6x10°

9x106

~NN N

2.1x107
4.5x10"
7.3x107
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(14)
(15)

(14)
(16)

(16)

(13)

(14)
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MTH, Huthane 2,0 1.76x10’ (16)
‘ | 0.5 2.21x10'
i 19.8  2.69x10’
: | 30,4 3.27x107

: PPL, Pyopylene 2 2.3x10° (13)

' 10 3.39x10°
18 4.32x10°

7

PRP, Propane 19.8 2.4%10
29,8 3.28x10

(16)
7

i‘:
i’\
o B
)
)
.
-
I
v
-
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%
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literature in detaill and suggest the use of

- 0.8 Rcb Se (11)
for T, > 0.25 cm *
i1
¥ o= 0083 ke s (12)
D

for Ty < 0.05 cm

For the purposes of this study we assume that the first formula is
valid for bubbles of radii r, > 0.1 em and (12) for ry < 0.1 cm.

(b)  Liguid Drop

The mass transfer coefficient due to the motion of a 1iquid drop~
in-water depends on both the velocity and the properties of the fluids.
Since the magnitude of the civculation velocities in the drop depend
on the viscostity ratios of the two fluids and the concentration of

surfactants, it is reasenable to expect thac the mass transfer co-

efficient (or the Sherwood number, k rQ)also would depend on the

D
viscosity rvatio and the surfactant presence. Unfortunately, thevre
do not secm to be any experimental data available to quantilfy the above
effects., All of the available experimental information has been
reviewed by Sherwood et algs) The most reasonable correlation available
for mass transfer between single drops of liquids and water is

Q .
(Sherwood et al(u), Chapter 6)

1 1
& r 2 2
d

———— = b o)
5 0.424 Rerd Sc (13)

where Rcr is the Reynolds rumber based on drop radius. In an
d

analopy with voapror bubble mass transfler, we assumc that this correlation
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is applicable to all drop tudil greater than 0.1 cm. Similarly for

rd < 0.1 em we use the correlation

1 1
f ry 3 3
D

= 0.63 FPe Sc (14)
¥4

When a drop of liquid of density p, > Ru settles to the bottom

of the river, the hea!: and mass exchangi hetween the liquid and water
is reduced considerably because there is no relative vertical motion.
Should there be a water current laterally (as in a river), the drop

may be carried down stream. It is also possible that all of the liquid
drops that reach the bottom coalesce and form a liquid pool. 1lhe
dissolution from such a pool has been treated in an earlier chapter in
this report. However, if we assume that the drop remains stationary
and retains its geometrical integrity, then the mass transier rate

can be determined using the low Reynolds number limit value. That

is,

The heat transfer coefficients for the transfer of heat from
water to the liquid drops are obtained from the Hazard Assessment
Handbook( 3) , where

0.4 0.33 (16)

h rd
X = 0.79 Red Pr

This equation was applied for drops of all sizes. In the limit of
zero velocity (the drop rests on the bottom of the water body), the
heat-mass transfer analogy 1s applied; the result is parallel to
equation (15):

z =1 (17)
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SUPERHEATED LIQUIDS

Should a liquid be at a temperature which exceeds the boiliag point
(at the existing pressure), it 1s called a superheated liquid. There
exists a thermodynamic potential to cause vaporization, but if there . E
are kinetic or rate limitations, then vaporization may be delayed. :

In the context of the present project, superheated liquids may
be important since it is well known that vaporization is inhibited
if a volatile liquid is heated and contact is made only with other
liquids., Thus, if a low-boiling chemical is spilled into water
(whose temperature exceeds the boiling peint), there is good reason
to assume that boiling may be delayed. For chemicals less dense than f ;
water and released at the surface, superheating would not normally D
occur as heating would occur while the spilled chemical floated on the
surface and therefore was in contact with vapor. On the other hand,
if the spilled chemical is more dense than water, it would sink while
being heated. As noted above, 1f there were no vapor phase initially,
we would expect the liquid to warm to the temperature of the water
without boiling -~ provided that a certain critical value of the
temperature were not exceeded. This critical value is termed the super-

heat-limit temperature and will be discussed later.

(9

Experimental observations at M.I.T. verify these contentions .
For example, when a Freon-flourinated hydrocarbon was spilled into
water which was about 20-40 °C above the boiling point of the Freonm,
no boiling was observed except in some drops which entrained an air
bubble as they broke the water surface.* The others are reported to
have fallen into the bottom of the water and formed a layer of liquid

*An interesting behavior of the Freon drops 1s reported to have been
observed, As the drops fell through the water, vaporization eccurred
into the initial gas bubble. Soon the bubble provided sufficient
buoyancy for the Freon drop to rise to the surface. Normally, it
shed only a part of the gas bubble after reaching the surface and
began to descend once more. This '"yo-yo'' effect was observed to
occur over several cycles until complete vaporization resulted.
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Freon which "superheated" by 30-40 °C., When this layer was stirred
vigorously or if some sand were poured into the vessel, boiling was
observed to occur rapidly and vigorously-within seconds, all the

Freon had vaporized.

The cause of this interesting behavior is that, to initiate boil-
ing, contact must be made between the superheated liquid and some
vapor so as to allow further vapor to be formed. Solids, such as
metals, sand, etc. have numerous microscopic concavities which entrap
gas. These act as vapor nuclei suppliers. If, however, a liquid is
surrounded by another liquid, there are no vapor embryos and the

initiation of boiliug is hindered.

As noted above, there does exist a critical limit beyond which
it ie¢ impossible to superheat a liquid. This superheat-limit temper-
ature results from the spontaneous formation of vapor in the bulk
of the superheated liquid. If a liquid should attain this superheat
limit temperature, both theory and experiment agree that vapor is formed
so very rapidly that the process resembles an explosion. The phenomenon

has been dubbed a '"vapor explosion'.

To estimate the superheat limit temperature of a pure chemical,

thermodynamic stability theory indicates that the criterion is

ag) - o
(W T (18)

That is, given a function ¢ (p, V, T) which describes the volumetric
behavior cof a liquid, (ap/aV)T is determined and, knowing the system
pressure, one can determine TSH; the superheat-limit temperature. Most

equations of state lead to the simple rule that
Tgy ™ 0.89 T, (19)

where Tc is the critical temperature of the material.
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For example, if one chooses the Redlich-Kwong equation 18

. RT - a
P 05y by (20)

to represent the volume V of a 1liquid as a function of T and P, then

with equation (18) one obtains a relation between T,, and VS Sub-

SH H*
stituting these in equation 20 with P equal to the existing pressure,

VSH can be eliminated and TSH found in terms of the parameters a and b,

However, a and b are related to the critical constants and if these are
employed, with P = 1 bar, equation (19) is ohtained.

An altermate approach to thermodynmamics is through kinetic theory.
No simple equation results, but predictions of TSH are 1in excellent
agreement with equation (16).

As an example, for liquid chlorine, the critical temperature
is 417 K. Then from equation (19)
TSH ~ 371 K

Liquid chlorine boils at 240K at atwospheric pressure. 1f it should be
spilled into water at 293K, it is possible for this material to
superheat over 50°C but it could not attain the TSH limit and no vapor

explosion would result.

In mixtures, the theory is considerably more complicated. 1In a

n-component system, equation (18) 1s replaced by

(n)

Y = (21)
(n+1) , (m+1) = O

where Y(n) is the n-th Legendre transform of the energy and the sub-

scripts refer to a double-differentiation with respect to the n+l

variable., In a binary mixture of A and B, equation (21) becomes

= 0 (22)
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dp
A
o W - 0 (23)
ax
AJy
T,P

i o g

mwoles of

-
el

Where G is the total Gibbs energy of a system with N,

A and NB of B, vy is the chemical potential of A and XA the mole
fraetion.

No kinetic theory results have yet been developed for mixtures.

In summary, liquids whose density exceeds that of water -- and
2 whose boiling woints are less than the ambient water temperature -=-
?f: f may not boil when spilled into water. Rather, the liquids will super-

heat and, unless nucleated by sediment in the water or on the stream

bottom, will yemain in this superheated state for indefinite periods
of time. In the rare cases where the water temperature exceeds
;j TSH’ a vapor-explosion may result. Vapor explosions can occur even
- if the density of the spilled chemical is less than that of water,
11 Superheated liquids and their properties are reviewed in

reference (10).°

5 MODELLING THE DISSOLUTION PROCESS

(a) Dissolution of Vapor Bubble Released at Depth H

When a vapor bubble is released at a depth H in water, it rises

through the water column essentially at a constant velocity equal

Sl

to its terminal velocity. The dynamics of motion of the bubble have

been discussed in an earlier section., For bubbles of size larger

i

. than about 0.1 mm diameter, the gas pressure inside the bubble can be
2 assumed to be equal to the local {total) pressure at any water depth,
The vapor within the bubble consists of both water vapor and the

i, chemical vapor., Since the vapor pressure of water at ambient

Tt ] 1

temperatures (in the zero to 20 °C range) ls small compared to gas pressure

in the bubble we can assume that the gas in the bulble essentially
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consists of pure vapor. Subject to this assumption we write,
P
C=a(m) ﬁ:? (24)

where C = molar density of solute in water at the vapor-
liquid interface

a(T) = Ostwald coefficient

universal gas constant

- =
[

ambient water temperature

p = local total pressure of water at any depth

Equation 24 is ldentical to equation 9 except that the proportionality
constant is the Ostwald coefficient instead of the Henry constant
(in equation 9).

The total pressure p at any depth (H-z) can be written as*

P=r,+ g, (H-z) (25)

where Py i5 the atmospheric pressure above the water surface

We now write the mass balance equation for the dissolution of

vapor in water from a single bubble.
d ) = - kA (c-c) (26)
dt Ab o

where N is the total number of moles of the chemical in the vapor
bubble and C_ is the dissolved vapor concentration in water at distances
far removed from the vapor bubble. In general, 1t can be assumed

that C =20 (2%

w

In equation 26, N is a function of the bubble volume, total
pressure and temperature of vapor; rk (the mass transfer coefficient)
depends on the velocity of rise and bubble size; and C (the dissolved
concentration) is also a function of pressure (see equation 24). For
a constant velocity of rise of the bubble, the time derivative can be

replaced by a space derivative (dz = Uy, dt). Hence equation 26 becomes

*
Note that z = H represents the water surface and z = 0 represents
the release point under water.
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whern the superseript 1 represents the initial value.

The solution of equation 28, gives the fraction (N/N(i)) of vapor
remaining in the bubble as a function of location of the bubble. By
noting this value at the water surface the fraction of the vapor mass
dissolved in water can be calculated. In order to perform such a
calculation, the dependence of the mass transfer coefficient v on
velocity and bubble radius 1s obtained from either equation 11 or

equation 12,

For example, in the case of large vapor bubbles, we use equation

11. That is

[N _ b
T T T (292)
b

v

Similarly using equations 24 and 25 we have

+ -
Pyt A8 (H-2)

L. {29b)
C(JL) p, * n8H
5
T
4 b
:%I) = (29¢)
A r(i)
b
3
and N - o T
(1) k]
N
1 p(i)<r<i))
v b
assuming perfect gas the above becomes 3
Py + B8H-a) [ 1 (294)
Pa + png \réi)
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: The solution to equation 28 using the equations 29a through 29d is

§~ . filven in appendix E. Only the final result 1s quoted here; the fraction
) of released mass that escapes into the atmosphere is
¥ 2
: 3 :
) fraction of mass 1 2 :
S ascaping into the = 1= m 1= (1-p%*) :
RO atmosphere 3p . :
1 (30)
e ~ (1l-p*
for Tl’{ Ip 1 ~ (1-p%) )

= 0, otherwise
where p* is a dimensionless release depth pressure and Tlis a dissolution

parameter defined in the nomenclature. A similar result has also been

derived in appendix E for the dissolution of small vapor bubbles. The

dimensionless equations and the solutions are given comprehensively
i in Table III-3,

The transfer of heat from water to the vapor has very little

i i AL st M T

effect on the solubility since the solubility is a function of the
water temperature. For the calculation made above 1t is assumed {%
E that the heat transfer to the vapor is negligible and that the §
‘ vapor temperature within the bubble remains a constant throughout the :
' rise time of the bubble. This temperature 1s equal to the saturation -%
?' temperature at the release pressure if the bubbles are formed é
3 immediately after the liquid release or is equal to the superheat limit E
; temperature, if the vapor bubbles are formed by superheat explosion %
%- of a liquid drop. %
' Dissolution of Drops 2%
X During the rise or fall of a drop, there are two simultaneous E
?E phenomena that take place ~- dissolution into water and heat transfer 2
E from water to the drop. Dissolution is modeled in a way identical ;
to the vapor bubble dissolution. However, unlike the case of vapor %
bubbles, the terminal velocity of a drop changes continuously with _%
drop size. é
=
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Table 11I-3: Susmary of formulae used in est
dissolution of drops and bubble

at large depths in water

imating the
3 released

ke Ak S Lo

e, _ Drops Bubbles
ities o e
Critdcal Radius l ¥ 279 S r, * 182 5 ] L.’
! d W b R P 3
. v -
1
3 1
’ [ 2 ’ o? “: [ )Tﬁ v,
| VoW , A v
Chdnge Over r,o= 3,95 |—ge——- roo® 4,2 | sl . =)l x4, 20
rRadius * } chlj « 6 Chb 84 02 L" gz o
Y w
) | j }
|
| i For For For ! For
]
. r, <rc<r Q<trz=rx r <r, 5T, 0«1 <71
; ! chd - - ey chd ch b ¢y b Chh
! i (large) {small) (large) (small)
: ! N
| 5
- 2 2 2
I Terminal 1.13\7_“ r 0.144 [9—-‘: ] 0,668 [ LFr 0.037, (J\-f->
‘ velocity (u) . Ve J Yo e w
! {Modified Stokes Law) ] ]
|
! b 0.5 b 0.33 D 0.5 D
i Mass transfer 0.424 5 (Re Sc) 0.63 = (Re §<) 0.799 s (Re Sc) 0.63 P (Re Sc)
{ Coefficient (v ) i {
Heat Transfer
| Coefficient (h) | -~ 0.79 K gedé p0e 3 ——
| |
: | 1
X 7 l 3/2
| . 2 . o w w2
! " 1+ 1 4+ i=p n) =1 { 1+ Q=pn) =1 1 + (E%L._”.}.
* *
| 2p 12 l 3p L0 p Ty
. ! ‘
2
Note: G =g [(1 - —*)
%

-

"Chanpe over radius is that radiw of bubble or drop at which the regime of wotion changes,
the change over radius the terminal velocity culculated by the two equations applicable to

two regimes is the sawne.
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The mass transfer equation for a dissolving liquid drop is written

as
, 1y L) () )
u, d(N/ (1)) o [‘k Ay G H-, p A Ay \
‘ (1) (1) (1) (1) 1)
"‘c(xi) d(z/u) l_ Nt _J % c Ad/

Similarly the heat transfer equation i3

d . A E-3 =
au (n ¢ TB h Ad (‘I‘w TQ)

where m is the mass of liquid in the drop, h the heat transfer
coefficient, Tw and TQ are respectively the water bulk temperaturve
and the liquid drop temperature. The value of the heat transfer
coefficient h is obtained from heat/mass transfer correlations dis-

cussed earlietr in this section.

In the case of liquid drops, there results a spontaneous boiling
when the drop reaches the water surface (in the case of a lighter-than-
water liquid) or when the critical superheat temperature is attained.
The calculations of drop dissolution using equations 31 and 32 are then
stopped and vapor bubble dissolution equations are used for subsequent
calculations. Alternatively boiling can be assumed to occur (result-
ing in vapor bubble formation) when the temperature of the liquid
drop attains the saturation temperature corresponding to the local
pressure. The latter will occur when there are nucleation sites avail-

ble for boiling tn start.

It is expected that a spectrum of drop sizes will be formed
during the process of accidental release of a large amount of liquid
chemical under water., To date there have been no experiments to corre-
late the drop size distribution with the dynamics of the accident.
However, certain reasonable drop size distributions can be assumed,
Two such distributions are schematically illustrated with their
distribution equations, in figures I1II-4a and ITI-4b.
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The Beta Distribution

l" H
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3 : e+ . .
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; bot
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6 6 .o
'..’ b}
" g g 0 ' 1
AR IRV 4
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Flgure ITI-4.a: A possible distribution when there is
a maximum size drop detecmined by a
physical constraint,

The Rayleigh Distxribution

2
£(r) — Exp [- —— ]
2 3
f(r) 2r i

Fraction of drops with radii

between r and r + dr

r -+ drop radius

Figure III-4.b: Possible distribution when there is
no physical constraint on maximum drop size.
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The equations 31 and 32 are expressed in dimensionless form and
solved for the mass of liquid escaping and temperature. This ptrocedure
45 illustrated in appendix E. The resultant equations and any solutions
which are expressible in closed form are indicated in Table III-3. Also
indicated in Table III-3 are the formulas for critical size of bubbles

and drops and the heat/mass transfer fotmulae.

SPECIFIC EXAMPLE

In order to illustrate the calculation procedures, a specific
numerical example is worked. The final answer that is sought in the
example is the mass fractlion that escapes into the air when vinyl
chloride liquid is released at a rveasonably large depth,

WATER _PROPERTIES

Denaity P, 1000 kg/m3
Temperatutre Tw 293 K
Kinematic viscosity Vu 10n6 mz/s
Prandtl number Pr 7

VINYL CHLORIDE PROPERTIES
Density o 969 kg/m
Solubility in water at atmos-

pheric pressure S 006 kg/kg H,0
Molecular weight M 62.5 kg/kgmol
Diffusivity D 107? w/s
Heat capacity Cp 1270 J Jkg K
Thermal conductivity (estimated) K .597 W/m K
Surface tension g .07 N/m
Release temperature T, 259.4 K
Vapor pressure correlatiom

constants c, ‘
where Tyap = E;:IEEIE_E;Qp- ¢ )? 1183 K

C2 9.566
.03 0. K

Cricical temperature Tc 431.6 K

Schmidt number Se 103
EMVIRONMENTAL PARAMETERS

Release depth Ho 15 m
Ambient pressure p 101325 N/m
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Initial surface area Ai 4 xmx (.0A24)2 0.0226 m2
of drop
0.00495 4
Characteristic dis- E.2 t - . - -5 =3,98 x 10" s
solution time d 0.0226 x .235 x 2.34 x 10
. ) oy 15
Characteristic rise E.2 t — 116 s
time T 0.129
0.00495 x 1270 % 62.5 ,
Characteristic heat t s o e el = - 26.35 8
up time h 660 x .0226
tq 4
Dimensionless mass E.2 T == 3.98 x 10 /116 343
transfer time tr
scale
t
Dimensionless heat E.19 Ty = Eh = Zgigs 0.227
transfer time T
scale

2 85 1000 x 9.8 x 15

Dimensionless hydro- E.2 p* = W(i) 5 0.593
static pressure P 2.48 x 10 1/3
at depth HO
-12 5,88 x 1073
Changeover radius r Table = 3,95 x 1000 x 10 ' X n
ehy 1113 « 304

Since the initial drop radius is larger than the r., We use the resuits

d
from column 1 ¢f Table III-3. By a numerical integration of the equation
for the temperature and comparing the liquid drop temperature at every depth

with the local saturation temperature for boiling we find that

at n = 0.211 ; Tl = Tvap

The following results are also obtained

Depth at which H (1-0.211) x 15 11.84 m

T, =T

L vap
Radius of drop L 0.0424 m
Liquid boiling T 279.7 K
vap
temperature at
this depth
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DISCUSSION

oo
A Two facts should be apparent from the preceding theory and
! example, i.e.,

: e little experimental data are directly applicable to act
i either as a guide or check on the theory.

e the calculation of the fraction mass dissolved in the water
is not readily accomplished; a number of calculations need ;‘

to be made and judgment is necessary in some instances.

‘ Still, each of the steps in the calculations is based on .

d experimental data or theory; it was, however, necessary to employ

these in a far more complex situation than for the one applicable in
the original investigation. To be more specific, suppose the example E‘
problem could be simplified to one such as, given a vinyl chloride ;
bubble of a known size injected at a depth 2, calculate the {raction
disgsolved before the bubble .reaches the surface. This calculation
could be readily made using the equations given in this report -- and
with some degree of confidence. On the other hand, if the total
amount of gaseous vinyl chloride were, instead, specified, then
accurate predictions become much more difficult. Stability theory
must be invoked to estimate the "initial" bubble sizes., The results
are critically dependent on the chosen distributions. Very small
bubbles will dissolve far more rapidly than if the vinyl chloride
vapor were in a few large bubbles.

If the initial statement were modified so that liquid vinyl chloride

were present, then the problem definition is vague., Break-up of large
liquid masses would be expected, but the distribution can only be é
approximated. Worse, it is not known 1if the liquid fragments would

boil -- even though the water temperature exceeds the boiling temperature

at the specified depth. Superheating can occur so readily that

one may be faced with a mass of metastable liquid drops (of unknown

distrvibution) which will boil (and violently) when they contact a

suitable nucleation site.
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Desperately needed are data to provide guldelines in this
interesting but undefined problem,

However, assuming the calculational prosedure does provide a
valid (but approximate) estimation of the fractlon mass boiled, it
would be very inte.csting to select several trial chemicals and examine
parametrically what would be expected if they were "spilled" into
water at various depths. Would the results of this exercise yield
results which could be generalized to provide conservative results
applicable to real accidents? If so, they would be of real value in
indicating to Coast Guard personnel whether most of the spill would

end in the water or, alternatively, in the air.
CONCLUSIONS
1. A theoretical analysis was carried out to indicate the

fraction mags dissolved from cold, soluble chemicals injected into

water at any specified depth.

2. The analysis assumes knowledge of the liquid (or gas) drop-size
distribution; heat and mass transfer considerations then indicate the
temperature change and fraction dissolved as the liquid (or gas)

rises (or falls).

3. Superheating of 1liquid drops 1s discussed and a criterion
presented to allow one to’ estimate if a superheat-limit vapor explosion
would result. 1In all cases of cold, soluble chemicals considered,
none would lead to a vapor explosion at typical sea-water temperatures.
Some superheating would be ekpected for liquids in contact with
water above the local boiling point; onset of boiling is, however,

difficult to predict.

4. An example problem was presented in detail to illustrate
the method of calculation., Vinyl chloride was assumed to be released
at a depth of 15 m, The initial liquid drop size was estimated
to be about 0.042 m (4.2 cm)., Vaporizations began at about 11.8 m
and dissolution was completed before any of this chemical reached

the surface.
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: RECOMMENDATIONS
5 1. Experimental data be ovbtained to verify the theoretical
methods outlined in this report -- or to provide a guide for modi-
S fications. _
;; % 2. A parametric study be carried out with about six typical ;

_ ¢cold, soluble chemicals with different bolling temperatures,
; solubllities, and densities. (Some may be hypothetical.) From a
sensitivity analysis of the results, attempt to prepare broad

= guidelines of value to Coast Guard persomnel to allow rapid evaluations.
3 f of the fraction mass dissolved in real release situvations. This

ZE

%ﬁ study would be of value 1f it can be shown that some of the ié
g{ independent variables were relatively unimportant in specifying f%
Eﬁ the final results. 3
3 :
'é
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APPENDIX E

In this appendix, the procedures for obtaining the solutions to
the heat and mass transfer equations vapor are illustrated for both
vapor bubble dissolution and liquid drop dissolution. The procedures
Li : involve writing the ecuations in dimensionless form and solving the

resulting differential equations. Wherever possible, analytical

solutions are given, When analytical solutions are not poussible,

brief statements are included for numerical solutien procedure

(1) Vapor Bubble Dissolution

a) Large Bubbles

The equation to be solved is given in equation 28 and is

———— = - = = Eo
i
3 We define the following parameters
LD -
4 t, = ——— T = Characteristic .
- d K(i) Aéi) C(i) dissolution time
t = L = Rise time of the
2 T Y bubble
t = H = Rise time of drop
T ud

and u, are respectively the bubble and drop terminal velocities
‘b d
(upward). Because of the fact that the sizes of these bubbles and drops
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vary during their motion in water, the terminal veloclity changes from
one regime to another. In such casea the above uél) and usi) should be
interpreted as the initial velocities for the given regime:

t
7y - 4 =  Dimensionless time for mass
tr tranafer
n = —%- = Diménsionless upward distance*
% = Py & H - 1
P p(i) 1+ (p. /o gH) (E.2)
Pa/Py
3 Moles of vapor in the bubble

or drop of liquid )
Moles of vapor initially in
the bubble or drop of liquid

it

2 N r
d & —— =
NE L(i)]

Also we note

LN

b %
1) 1)
b
-1
rb 2
K = —D (See Equation 29a) . (E.3)
K(i) N

1 represents water surface

=
[§

0 represents the location of release of vapor bubble

\

=3
¥
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*
(1) NEO (Q-p (E.4)
r 3
N b 2
r = - = ¢ (E.5)
) ) [ <1>J
N P -Tp - o v
(See Equatioit 29d) “,
Hence
3 2
Ty . v (E.6)
* .
rH [1-p" n]
Substituting the parameters frcm equation E.2 and equatione
E.3, E.4, E.5, and E.6 in E.1, we get
2 1
£ - . O S N S ke (E.7)
dn
with $ = 1 at n = 0 (E. 8
The solutior of E.7 with E.8 is given by
3
*
¢ (n) = 1~ 1 [1-(1-1) n)]2 (E.9)
3p Ty
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b) 8mall Bubbles

For small bubbles the terminal veloeity of rise 1s no lenger a

constant but depends on the bubble radius {see Table LILI-3).

at which bubbles are considered to be small is indicated in Table 117-3.

2
u
Yoo o I Ty
l.e., D )
u r
b -}

Also it is noted that the mass transfer coefficleut's dependence on

bubble radius is different from that of large bubble.

i
1
Wit

i.e. Ko« uwoor
[} . b

Hence {ron E.10 and E.11

(1)

K=y = constant

Substituting E.10, E.11 and other equations as bafore in

E.1, we gei®

1§
—
[
22
>

o

with $

The solution to the above is

1
2 2
PP PR § N ¢ AL
2 pk ot

-l

*Note that n is defined with the depth at which swall bubbles are

sald to be formed.

(1.10)

(E.11) L

(E.12)

(E.13)
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(11) Liquid Drops

A) Dissolution of large diops:

drops moving through the

We note from equations 4 and 5 that the terminal velocity for

large drops is proportional to the square root of the radius

role—

i.e.,

water column

(E.14)

(E.15)

Substituting E.14 and E.15 in the drop mass transfer equation (28)

and using the definitions of parameters given in equation E.2, we can

write equation 28 as

with condition

¢ = lat n = 0

[Note: for by > p, U the terminal velocity is directed

wy d

downwards; hence n values should be considered

negative and t, less than zero.]
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The solution to E.16 is given by

~z]on

"1

o () = 1 - 1= (1 -p*n (E.17)
24 p¥ v
7

1,

The heat trausfer process is described by cquation 22 and is

m 4 (e Tg) = h A

It (r =1,) (E.18)

d W L

To solve for the temperature of the liquid drop as it rises
(or falls) through the water, equation E.18 has to be solved with
appropriate conditions. 1In order to do so, the above equation is

written in dimensionless form. The following parameters are defined

u, dt
dn = d
H
AT = (T2~ Tw) = Temperature difference
between liquid and
water
1 Ty
1% = = = Dimensionless liquid
T;i) _ A () temperature
w
(1) T
[Therefore, v¢P - I v, = L.
AT(i) AT(i)
133
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th = characteristic drop heat up time = —E~£“-~?TT 5

nt) A

d .

£, :

T, = g oo dimensionless heat up tine :

Fe 1

We also note from equation 16 that ;
~ 0.6 0.4 7

h « Ty uy (8.20) ~

Substituting E.19, E.20 ani other parsmeters from E.2 into

equation £.18, we get

= == ¢ ( \l;w.- \P) (E 2 l)

with Y= w(i) forn = O

It is noted that in the above ¢quation ¢ is a function n given

by equation E.17. E.21 has to be solved numerically. The solution

oy SRR TS

will be given by
: n
U ——. . dan
T Y 38
2 rd 1+ %Z_ (1 - pkn) - 1]35

1
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The solution procedure involves starting the numerical calculation

. at H ({.e., y = n = 0) and increase y in steps (for Py < P the
, . ]
/ 5 drop rises).

(1) At each step the drop radius ry (¢ in dimensionless variable)
and temperature Tz (U in dimensionless variables) are calculated using
equation E.1l7 and E.22,

(2) At each calculation point three conditions are checked, viz.

: T > T if yes, the height 1is noted
. a) is ¢ v and calculetion of bubble
: T > T, dissolution started
R - "SH
v : if yes, the calculations
g b) is f< 1 are further carried out
- cd uging small drop disso-

lution theory (see below)

c) is . 1 i.e., has the water sur-
N face been reached
B) Dissolution of Small drops: Drops moving through the
water column

The starting condition, represented by the superscript (1) for the
small drop will be the end condition of the large drop dissolution
! (case b above). Because of the different functional dependence of ug
and k on drop radius, the form of the equations of mass and heat

tranafer will be different.

L : _— r2 (See Table III-3; also
_ d d Ref. 8)
-2/3  1/3 (E.23)
: ke T4 Yy (See equation 14)
A
135 =
3
=
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Substituting the above in the heat and wass transfer equations
and noting that' n = 0 is the water depth at which the small size
liquid drops result from the dissolution of large drops, we can
show that theé equations become

¢ (n) = |—1-

L

1
2

1 - (1 - p* l‘l)2~|

2 p* 1y J

Wy

1 dn

T2

Vo= oyt Exp \

Pt

2

n=0 2 o

1

S

~) Liquid Drop Resting on the Bottom of the Water Body

In the case by > Py, the 1iquid drop probably falls to the bottom
of the water body. If during this fall, the drop temperature does not
reach either the local boiling temperature or in pure water the super~
heat limit temperature, the drop settles down on the bottom surface.
Assuming that the drop retains its shape and identity we derive the

following dissolution rate equations.

Since there is no relative vertical motion between water and the
drop we can make the following estimates for heat and mass transfer
coefficients (Sherwood et al(s))
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(E,24)

»

(L.25)

(E. 26)
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Also since the pressury 1ls a constant, at the bottom of the water

body

We write the mass transfer equation where M is the molecular weight

C = c¢onstant - C(i)

Defining further
N(i) }

td = S as in E.2
OO

r o= t/td

L e

h (1)
) 4

where M 1s tﬂe molecular weight of the liquid

of the liquid

as

l.e.,

dN

T AC
Lo U TRACS IR C VRN DR ¢
ty dt d

2

-1 -
a® | !
dt
rc(li) r((ii)

Because of constant pressure, we have

T ' 3
2 N d
LA 7 W B Y
N rd
137

(E.27)

E(28)

(E.29)

(E. 30)

(£.31)

(E.32)




Z Hence E.31 becomes
|

:

s -3 de?

i ¢ Fra l; ¢ = loat © = 0 (£, 33)

é Hence 3/4

B ' 2

i o (1) = [1- ~—§1 ] (E.34)

? Similary for heat transfer we have

! :

| d(e 1) i

S e A |

E where m 1s the mass of each drop of liquid. : '
;f i.e., E
3 (1) (1) /t 2/3 :
b by, S—F—te it sl IR A (E.35)
3 N t, dr .

where the definitions in equations E.19 have been used.

Hence E. 35 becomes

2/3 ;

2 4 . 4

d s G ) (zpw ) (E.36) 5

2 The solution to which is f
| t “

[ IR
£ i

(a3
= o

(E.37)

vom o s -y a -2

L §
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i.e., s td
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-) h

d

wlN
rt et

- (1) ,
T, r, * (=T -

Fiom these results the drop radius and fts temperature can be
determined, If the boiling temperature of the liquid corresponding to
the bottom pressuce is less than the water temperature then the liquid
iz likely to boil., The time at which this will happen can easily be
caleulated from equation E.38 provided that the bholling temperature

at that depth 1is known.

(E. 38)

memqwa;;ﬂngva‘¥=-u:~}F{

kil

(it R0 4 e i
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NOMENCLATURE

i !
: : Ay Initial *surface uarea m2 ;
; c Specific heat of liquid J/kg K 1
% c Equilibrium concentration of the solute 3

X in water at any pressure kmol/m”

: C(i) Equilibrium concentration at the pres=

sure corresponding to the initial deptn kmol/m3
i _ of the bubble or drep '

: C1 First constant of vapor pressure
; correlation .
3 . C :
b T, 2. .- C ',
; vap Cl - loglO Pvap 3 ?
: 02 Second constant of vapor pressure f
X correlation K !
i
03 Third constant of vapor pressure :
' correlation K ?
: D Diffusivity of chemical in water m2/s
- g Gravitation constant (9.8) m/s2
' Py 2 2
G Reduced gravity g(l - —) or g(—~- 1) n“/s
D ) i
W W , :
h Heat transfer coefficient W/m” K .
H Depth at which the drop or bubble
g is formed m
S Hy Release depth of the liquid chemical m i
: i
K Thermal conductivity W/m K
m Mass of liquid in a drop of liquid kg
M Molecular weight kgp/kmol 7
» 3
N Molar content kmol o j
] ¢
Ni Initial molar content kmol
Pa Ambient pressure N/m2 .
2 i
P Total thermodynamic pressure at any depth N/m f
Pr Prandtl number _
2 A
Pvap Vapor pressure N/m ;
140 g
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o : p UDimensionless pressure (Equation E.3) = ‘aﬂbz"‘“ 1
- ! 13 radius -
SN
L to, Critical bubble radius m
i i LA Critical drop radius m
A d
T 3 Changeover bubble radius m :
,\ Ch.b :
r Changeover drop radius m .
ch d : 1
i Re Reynolds number ;H~£
S "
3 R, Gas constant (8314) J/kmol
8 Solubility kg/kg H,0
Sc Schmidt number
T Temperature K
"7
Tc Critical temperéture K
]
f td Characteristic dissolution time 8 i
: ty Characteristic heat up time 8
tr Tharacteristic rise time 8
L Ti Initial temperature K
TSH Critical superheat temperature K
: Tvap Temperature corresponding to vapor
o pressure pvap K
Ty Water temperature K
; u Terminal velocity m/s
! v Terminal velocity of non-deformable
] drop m/ s
Q v Volume of a liquid drop m3
; 2 Vertical distance coordinate m
‘l.
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n Dimensionless rise distance = %
" Mass transfer coefficient w/s
v Kinematic viscosity m2/s
P,  Density kg/m3
p, Vapor density kg/m3
Py Water density kg/m3
G Surface tension N/m
T, Dimensionless time scale for = td/t
mass transfer
T, Dimensionless time scale for = th/tr : fg
heat transfer 1 :%
sl .2—‘ .‘«E
i ¢ Dimensionless molar content = [N -é
. in a bubble or drop NEY ot
:
‘ 4
T, 3
] Dimensionless temperature = _—(IY___—_ 3§
(rz 1w) 2§
{§
T(i) 2
) ' :
P Dimensionless initial = €y %
temperature T -T H
w B
2 2
I TW 'é
= n Dimensionless water = ) 5
% w  temperature (TQ - Tw) '3
.::'. %
| X
< i = TInitial value (refers to the value of the e
% parameter at the location of the formation o
3 of drop or liquid). v
: :
B g
3 ;
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- SUBSCRIPTS 4
L b - bubble :
7 d = drop :
¢ch = characteristic :
also change over ;
w = water
g =  liquid ;
3
v = vapor :
3
’ ,‘5
143 =
3
2
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CHAPTER 1V

SPREADING ON THE WATER SURFACE OF A CONTINUOUSLY RELEASED
LTGHTER THAN WATEL, IMMISCIBLE LIQUID

OBJECTIVES,
The objectives of tne work presented in this chapter are:
e To experimentally investigate and understand the phenomenon

of spread of a lighter than water liquid when released
cantinuously;

e To develop a theovetical model to explain the above phenomenon and
extend it to the case of spread of coutinuously released volatile

liquid.
ANTRODUCTLON | ji
One of tue main pollutants of the waterways in and off the coastal E

waterg uf the United States is oil. There have been numerous instancus

in which larpe quantities of oil hove leaked from damaged ships over

1
considerable durations of time, sometdses cxiending ove. a fow days.( )
2
Similar spills have been caused by offshore oil wellsf ) In such casesd,

it is imperacive to know how much time would be available to fight th~»
oil spread before it staris polluting the shorelines. In addition, one
needs to know the extent of spread at various times to mustcr enough
fighting cquipmen: (booms and cliemicals) to contain or minimize the

spread of the spill.

Also, for analyzing the development of pool fires from a continuously
released cold, liquefied flammable gas, it is essential to have the
know'edge of the spread rates of liquids on water which are released
contintously but which do not lose any ma=ss (by evaporation ot burning).
Hence, there exists a need to understand the above problem of spread

when the liquld is released continuously.

Only very few theoretical analyses exist in the literature which
have studied the continuously released spread problem. Most analyses
assume that the ovil is released Jnstantaneocusly. ‘To the best of our
knowledga, no scale experiments have heen performed to understand this

preblem in any detatll whatsoever.
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have analyzed the instantaneous release problem. Fay

(3) (4

Severa. workers (Fay,‘

(5))

Hoult, Fannelop and Waldman

3 and Murray(é) have
also treated the problem of spread on a flowing water body, Fay has
analyzed the problem as a normal sprezd problem with a superimposed

water current, while Murray has used the idea of turbulent diffusion of
oil on the water surface. Murray's model seems to agree with the data
from a large oil spill, but its predictive capacity is dependent to a
large extent on the knowledge of "turbulent diffusion coefficient" for

oil on water. This coefficlent has to be determined from experimental
data, and at the present time nothing is known of its dependence on the
current velocities, the properties of the oil, the turbulence level in

the water body, and so on. In short, there deoes not exist, at the present
time, a completely valid analysis of the spread for the continuous release

case.

Abbot and Hayashi(7)

continuous release problem and arrived at a result which indicates that

have theoretically studied the nv mass loss-

the spread rate is essentially at a constant velocity (radius of the slick
front proportional to the time). Thelr results are questicnable because
their analysls omits certain terms in the momentum equation while retain-

ing other terms of the same magnitude.

It 1s ~lear from the above brief survey of literature that the
continuous release and spread problem has received vevy little attention,
and proper analyses are not available and far from being ~owplete.

Besides, there does not seem to be any data available on a controlled
experiment. It is therefore with a view to obtaining lab-scale experimental
data on the spreading of non-vclatile, lighter than water liquids on water
and developing 1 proper theory to explain the spread that the present
program was undertaken. In addition, the goal was to extend the analysis

to the case of spread with mass 1093l39 in the case of cryogenic liquids

released continuously.

In part 1 of this chapter, ti~ experimental program conducted and the
results obtained are described in detail. Three different oils were used

in the experiments.

Several release rates were also investigated.



When a cold, liquefied gas such as the LNG is released on water,
it boils off rapidly. The extent of spread of the liquid depends on the
rate of release, the properties of liquid (and to some extent those of

water), the evaporation rate, etc. Raj and Kalelkar and mote recently

Mascari(g) have analyzed the problem of spread of instantaneously released

eryogen on water. They have given formulae to predict the maximum radius
of spread and time for complete evaporation. However, the problem of
continuous release has not been analyzed. In the continuous release
case, the "pool" size increases at first and reaches a maximum diameter
which does not change with time provided the evaporation rate per unit

of surface area of the liquid remains a constant (as in a fire or in the
case of boiling on water which does not freeze and in which circulation

patterns become well established).

The analytical model describing the spread in the non-volatile
spreading case is developed in part 2. In part 3, the same analysis is
extended to the case of a cryogenic spill., In part 4, the results obtained
in part 3 are applied to the calculation of thermal rudiation from an
expanding pool of LNG. A specific example is worked out to illustrate
the calculation procedure.

Part 1 - Experimental Investipgation of the Spread of 01l Released
T at a Uniform Rate on the Water Surface

THEQRETICAL DEVELOPMENT

1. Principle

The basic design concept of thc experiment i to release oll from a
small nozzle at a uniform rate on the surface of the body of water and
record on a movie Film the process of cpread, The detailed spread data

are obtained later from an analysie of the movie film.

2. __Apparatus

Figure IV-l shows schematically the details of the equipment used to
achieve the above purpose. The apparatus consists of a 3 ft : 3 ft x 1 ft
tank filled with water. Oll stored in a remodeled stainless steel fire
extinguisher taunk is forced out by pressurized nitrogen into the ou:let
nozzle. The flow rate is controlled by a valve in the oil flow line.
The nozzle is a bent copper pipe attached to the oil flow pipeline by a

quick release coupling so that nozzles of different diameters can be used

R Rl L
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easily. The axis of the nozzle is kept normal to the water surface. There
is provision to move the nozzle up or down so that the height of the mouth
of the nozzle above the water surface can be altered. The oil spread

is recorded on a movie film by a camera located above the water tank.

3. Experimental Procedure

A, Calibration

During the initial phases of the experiment, a calibration series

is conducted to determine the relationship between the regulator pressure

and the flow rate of oil, The oil flow rate 1s measured directly by

timing the flow to fill a given volume., The calibration is conducted
for all the nozzle diameters and oil used. These calibration tests
were made with a view to obtaining a preset flow rate by simply

setting the appropriate throttle valve pressure on the nitrogen cylinder

regulator,

B. Test Procedure

After filling the water tank with pure water from a tap and allow-
ing the water to settle, the height of the nozzle is adjusted to the
proper height above the water surface. The temperature of the water
is recorded. Regulator pressure is adjusted tc a prueset value depend-
ing on the flow rate of oil for the test. That the flow rate is indeed
equal to the desired value is checked by letting the oil flow into a
graduated beaker (this is done by openiang the shut-off valve) and measur-

ing tae volume collected in a given time.

Prior to the test, when the nozzle is in position over the water
surface, spills of oil drops dripping from the wmouth of the nozzle are
prevented from polluting the water surface by the drip plate shown in

Figure IV-1.

The drip plate is removed from position, the camera is started, 5;
and the oll flow is started by opening the shut off valve. The flow
{8 continued until the front of the oil slick reaches the wall of the
tank,
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After the test, the flow rate 1s checked again. The temperature
of oill is recorded. The water from the tank 15 dumped to a sump and
the liners (for the tank) are thrown out. The whole procedure ls
repeated for further tests after relining the water tank walls with a

set of new liners.

After the wovie film is proceased, the radius vs, time data is ob-
tained from it. It is recalled that a graduated ruler is provided
(see Figure IV-1) on top of the watetr surface. This facilitatey casy
reading of the radius of the oil slick in the movie film.

SPECIFIC EXAMPLE

A series of 27 experiments was ccnducted which included three types
of oil (SAE 30 motor oil -~ detergent and nondetergent varicty, and castor
oi1l), three different nozzle diameters (1/8", 1/4', and 1/2") and several
flow rates (varying from as low as 0.8 ml/sec to as high as 125 ml/sec).
Table IV=1 gives a summary of the testg conducted in this scries of cxperi-

ments. Table IV-2 gives the properties of the oils used.

Not all of the experiments yielded useful data (more about these
problems can be found in the section on "discussions")., The data from
those experilments which were considered successful are pleotted in
Figures IV-2-a, 2-b, and 2-c respectively for the three different oils
used. These figures represent the radius of the slick as a funciion
of time. The coordinates in these figures are in dimensionless units
s0 that results from expetriments with different nozzle diameters and
flow rates could be presented on a single graph paper (for each oil).+

These dimensionless quantities are defined by

X = % = dimensionless radius

T = L. . dimensionless time
t
ch
where a = nozzle diameter . 1/3
| a
tch = characteristic time —{66]
9
G = effective gravity = g (l - ol >
%ater

.

Q = volumetric flow rate of oil.

Detailed radius vs time (in dimensional units) are nnt given with a
view to saving space.
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TABLE 1V=1
Type of Flow Rate Nozzle Used In
Exp. 1 041 ~ Date _ (ml/sec) Dia. In, Plot - Remarks
1 ? 1/2/75 99,0 0.50 No Outside of room expts,
2 SAE 30 1/2/75 97.0 G.50 No Outside ’
3 ? 1/3/75 8.14 0.125 No Outside
4 SAE 3¢ H.D, 1/21/75 4.65 0.125 No Outside -
5 SAE 30 H.D.* 1/29/75 ? 0.125 No Flow Not Steady :
6 SAE 30 H.D. 1/30/75 1.0 0.125 Yes Not Sharp Edge \
7 SAE 20 H.D. 1/30/75 10. 26 0.50 No Globules
|
8 SAE 30 H.D. 1/30/75 125.0 .50 No Film Not Processed E
9 SAE 30 H.D.  2/4/75 2.5 0.25 Yes .
.éi 10 SAE 30 H.D. 2/4/75 30.0 0.25 No Globules f
1 1 SAE 30 H.D. 2/4/75 21.43 0.25 No Globules :
3 12 SAE 30 H.D.  2/5/75 23.81 0.50 Yes Flow Not Steady i
_{ﬂ ? 13 SAE 30 H.D, 2/5/75 11.1 0.50 Yes Not Sharp Edge »%
é; 14 SAE 30 N.D. 2/6/75 42.86 0.50 Yes Slick Drifted f
[ Away Trom Center :
?* 15 SAE 30 N.D.  2/7/75 9.84 0.50 Yes Camera Trouble f
_§} 16a  SAE 30 N.D.  2/7/75 3.51 0.25 Yes Excellent Test =
3 16b  SAE 30 N.D.  2/10/75  32.05 0.25 No g é
17 SAE 30 N.D. 2/10/75 13.58 0.25 No Globules : ?
18 SAE 30 N.D, 2/10/75 .B4Y 0.125 No Did Not Form Circle ,
| 19 SAE 30 N.D. 2/10/75 8.33 0.125 Yes Slick Drifted Forward ﬁ
: %i 20 SAE 30 N.D. 2/11/75 0.78 0.125 Yes Excellent Test Z
3 21 SAE 30 N.D. 2/11/75 21.28 .25 No Globules f
§

ik % E
: H.D. means high dotergent motor oil K

N.D., means nondetergent motor oil

3

g
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TABLE 1V~1 (Count'd)
, Type of Flow Rate Nozzle. Used In
Exp. 04l Dete  (ml/sec)  Dia. In. Plot Remarks
: 22 Castor 2/18/75 0.80 0.125 No Edge Hard to See
23 Castor 2/19/75 0.732 0,125 No Edge Hard to See
24 Castor 2/20/75 7.81 0.125 Yes Globules at Beginning
25 Castor 2/21/75 3.7 0.25 Yes Good Test
26 Castor 2/21/75 20.0 0.25 No Air wags in the Lines
27 Castor 2/25/75 26.7 0.25 Yes Globules at Beginning
é Total #f Exps. Total # Exps. Total # Exps.
§< Type of 01l Proposed Conducted Successful
5 SAE 30 H.D. - 13 4
* SAE 30 N.D. 6 9 5
#1 Castor 4 6 3
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TABLE IV-2

PROPERTIES OF THE OILS USED

Density Viscosity
Type of Oil g/cm}ﬁ _Stokes
SAE 30, High Detergent 0.861 2.0
SAE 30, Non-Detergent 0.913 5.0
Castor 0il {#1 0.939 6.3
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The results indicate considerable scatter, but still a4 reasonable
trend is noticeable. A least square straight line fit obtained to the
dats plottel on log-log graph paper, is indicated in each of the Figures IV

2-a, 2-b, and 2=c. The least square straight line correlations obtained
are in the form

x=A 18 (0)

The values of A to B obtained from the least square fit are indi-
cated in Table IV-3,

DISCUSSION ON THE EXPERIMENTAL TNVESTIGATION

Though in all 27 experiments were conducted, it was not possible
to obtain the data from each of the experiments. This was because in
those experiments in which detergent oil was used, the oil slick was
never formed in most experiments. Instead globules of oil were formed
under the water surface, rose to the surface and spread out im clusters
of small slicks., This is shown in Plate IV-1. Therefore, there was no
definite "slick radius" that could be obtained. Anothes »henomenon
that was observed when detergent oil was used was the rapld spreading of
a monomolecular layer ac a very high velocity (ecnvering the entire water
gsurface within a matter of 5 seconds) as soon as the first few drops of
oil hit the water 7urface. It is presumed that this monoumolecular layer
is caused by and spreads as a result of the change in the water/oil in-
terface characteristics brought about by the detergent in the oil. Pre-
sumably the surface tension of oil is changed considerably by the deter~
gent. To avoid the formation of the monomolecular layer, it was decided
to use non-detergent oil in all subsequent experiments, however, keep-

ing the same ol ;roperties as far as possible.

Experiment Nos. 14 thiough 21 used non-detergent oil. Although in
using this o0il tne problem of spread with clusters of small slicks was
eliminated, yet when either high flow rate was used or when the mouth of
the nozzle was far above the watoer surface (greater than 2" to 3" in these
experiments) globules of oll were formed in the water underneath jet

entry. Although some relief from this was achleved at low flow rates when
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TABLE V-3

Least Square Stfaigh;ﬂLine Correlationg for the

Radiug as a Function of Tiwe

X = A TB

Type of 0il A_ B

SAE 30 N - D 0.68. 0.54

Castor 041l 0.47 0.64
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the mouth of the jet was placed almost touching the water surface, at high
flow rates this globule formatioa pernisted. Plate 1V-2 showa the spreading
under one such high flow rate conditions. The spotly spreading cen be

geen clearly.

The behavior of the castor oll was similar to the motor oil during
the sprcadlng ;irocess. However, the castor oll was barzly visible during
the spread because both the oil and the water are almost colorless and
the refractive dndices of both are about the same. Therefore, the "frout"
of the slick is almost invisible in the movie film. The difficulty of
recognizing the position of the front can be seen on Plate IV-3,

Congldering the above difficulties, it is felt that the amrunt of
data obtained from the experiments are gquite large. What is more, all the

data fall on the sam: yraph papers when expressed in dimensionless form.
Although there 1s considerable scatter in the data, it is seen that the
medan square straight line on the log-log plot (of dimensionless radius

as a function of dimensionless time) has a positive slope which varies

between 0.49 and 0.64. These values are close to the theoretically

predicted value of 0.5, which is derived in part 2., It 1s, however,

felt that since the scatter in the deta 1s considerable, the different
values for A (from Table IV-3) may be just an accident. It may be a
weak function of the type of oil (properties such as viscosity and
density). To gencralize to any oil, it may be appropriate to use a

mean value of 0.75 for A.

CONCLUS LONS

;. Experiments have been conducted to measure the spread rates on wateir

}l of oils released continuously. Three types of olls were used, and different

flow rates form 3 different nozzle diameters. The results indicate that
the radius of the spread varies as a 0.5th to 0.6th power »f the time.

Part 2 - Continuous Spread Without Mass Loss

THEQRETICAL DEVELOPMENT

1. Physical Picture of the Spread Phenomenon

When an immiscible, lighter-than-water liquid is released at reasonably
low velocities in the form of a vertical jet onto the water surface, the

liquid jet penetrates the water surface, sinks in to a certain depth, rises
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PLATE 1: GLOBILAR SPREADING OF DETERGENT OIL

PLATE 2: SPREADING OF NON-DETFRGENT O1L WHEN RELEASED AT HIGH FLOW RATES.
' SPOTTY GLOBULAR SPREADING CAN BE SEEN. k-

PLATE3: SPREADING OF CASTOR OTL. THE OIL FRONT 1S HARDLY VISIBLE.
THE PUSLTION OF THE SPREADING FRONT IS INDICATED BY THE FINGER.




‘of the phenomenon very close to the region of jet entry into water is ; ;?

due Lo buoyancy fotrce, and then spreads out radially. This is siiown
schematically in Figure 'IV=3. However, if the jet velocity is large, the

l1iquid jet breaks up into globules of liquid. These globules then float
*
up to the water surface, break up, and coalesce to form an expanding pool.

This qualitative description indicates that a mathematical description 1

extremely difficult. As such, the analysis presented below is valid for
regions which are out of the zone of jet disturbance (say, beyond 4 or
5 jet radii). X

During the radial spreading of the liquid, there exists a possibility
that a hydraulic jump will occur {(as shown by dotted lines in Figure 1V-3)
Hydraulic jump occur: when the radial veloecity at any location is equal
to or exceeds the local small disturbance wave velocity., This wave ;
velocity 1s dependent on the liquid to water density difference, the !
thickness of the liquid film, and gravitational acceleration. On the

outer side (downstream side) of the radial hydrualic jump, the thickness
of the 1iquid film is larger and the flow velocity lower than on the
inner side. Also, because the liquid velocity is higher than wave velo-
city at the inner side of the jump, this inner region i1s not

affected by what happens on the outer side. 1In effect, the region
between the jet and the hydraulic jump will have attained steady pro-
files, even though the liquid is spreading beyond the hydraulic jump.
This 18 an extremely important observation. In our analysis, we have
assumec that such a situation exists (i.e., the constancy of the velocity

and film thickness at a given radius corresponding to the position of a

. . 7
ilydraulic jump). The same agsumption has been made by Abbot and Hyashi( ) ;
in thelr analysis of the radial spread problem. Watsonflo) Sabersky and Acosta(ll: ;

have given the relationships between the upstream and downstream velocity |
and height values for a radial hydraulic jump. These relations arc given

later.

Refer to thz: photographe in Part I.
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Pipe of Diameter D, (Radius b)

Possible Hydraulic Clamp

Water Level

FIGURE 1V-3 Schematic Diagram to Illustrate the Physics of a Liquid
Jet Inpingement into Another Liquid

163




T

. TR IO

For understanding the spreading phenomenon during the inditial
phases of sprvead; it is important to understand the physics of the flow
beneath the impinging jet. This is done in section A, 1In section B,
the radial spread problem is considered. The relevant equations are
written, simplified to the extent possible (without losing the physies
of the situation), and solutions obtained.

Section A: Analysis of Flow Near the Jet Entry and the Hydraulic Jump

When the jet velocity (vertical) is small, the jet liquid penetrates
the water surface to a depth dg (see Figure I1V-3), rises up, and spreads

radially out. To determine this depth dl we have (see Figure 1V-3):

Pressure at the stagnation point O2 = pressure due to pure water at (1)

depth dR

il.e., by applying Bernoulli equation to the vertical stream line 01 2
we have

P P

0l V2 02

—= + g(H +d1)+_-2—=*“ (2)

Dg OE
where p01 = barometric pressure at Ol = paum

Py *© stagnation pressure (total) at O2

2

Apnlying equation 1, we have

p02 " Pagm + Py 8 dm 3

where Patm = ambient (atmospheric) pressure.

If the pressure at the nozzle exit 1s equal to the ambient pressure

(i.e., Poem ™ Po ) then from equations 2 and 3 we get

1
d 0 v2 + i
2 (2| 2eb b (4)
b Py (1 - DE/OW)

where b is the radius of the nozzle outlet.




W

g Equation 4 gives the relationship between the depth of penetration
: and the velocity of liquid, the density of liquid and the height of the
) nozzle above the water surface. The velocity of the liquid as it hits

T

g

the water surface is larger than when it leaves the nozzle because of

i i

the gravitational acceleration.

L ; It 1s also noticed from equation 4 that as Py

B : increases for a given inlet condition. As a matter of fact, if water i

-+ ow, the depth dz <

ig jetted into water (p2 = pw), equation 4 indicates that the depth

<R

of penetration would be infinite. This, of course, is untrue. The

reason that such cn answer results from equation 4 is that in the

FE TR UL

derivation:

! . e The entrainment of water into the liguid jet was neglerted;

TR I g
PR
|
"

o ; e Even in the case of absolutely immiscible liquids, there is i

i{ ! : always friction at the jet-water interface. This was neglected ,i

é@ in deriving equation 4.

%7 : In the case of liquids whose density is very close to that ot water,

? the limiting factor in determining the depth of penetration 1s the

liquid plume to water friction., Therefore, equation 4 should be used

with caution.

3 )
] . It has been shown by Birkoff and Zorantonellc(lt) that [o. the

inviscid flov of a jet impinging on a flat plate, the velocity of the

radial flow 1s the same as the vertical velocity in the jet. Assuming that

the effect of water (viscous) shear is small very close to the jet
3 impingement region, we can model the radial flow to originate from a
eylindrical source as shown 1. Figure TV-4, the radius of the ecylindrical

source being equal to the jet radiug. Therefore,

u, = u (5

where U is the vertical velocity of the jet liquid at the level of the
water. The height hb of this source of radius "b" is determined from i
the relationship

)
Q= 2u hb Uy b= b™ U (6) T

Using equation 5 in equation 6, we get L
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FIGURE IV-4 Schematic Diagram Illustrating the Spreading System




b
by ~ 3
With Fb = Froude number at radius b =
we have
2 2
F, w2 w 2U_

B Eh T Gb

where G = effective gravity = g(1 - p,/p )

)]

(8a)

(8b)

(9)

In general, Fb >> 1. . Hence, we can assume that right at the edge of

the jet radius itself there occurs a hydraulic jump. If we represent

the conditions of parameters after the hydraulic jump by a subscript "a"

we have, using the formula in Sabersky and Acosta

8F
F_o= b

d /EF FT - 1)

1/3 T
Eﬂ i} F, i [/§Fb + 1 -1)
h, 2

b 2

u
Ya .
u, by [VBF, + 1 - 1]

and

(11)

(10)

The values of Uy ha’ and F obtained by the above analysis are used in

evaluating the spread rates. fThese are illustrated in the next section.

Specific Example for Section A

We use the data from one of the experiments described in Part 1 and

illustrate the procedure for calculating the various quantities derived

in this sgection.

Data from experiment #14
Type of oll used

Density of oil

Volume flow rate

Diameter of nozzle

Height of nozzle above the water line

SAE 30 nondetergent

Py = 0.913 gm/cm3

Q = 42.86 ml/sec
D = 1.27 cm
H = 0.5 cm

'
.
¥




S TR SRR F e T e et S R R R T et . I h T N L e S R S

Calculation

__,AZ_;BEL“__? = 33,83 cm/sec
(n/4) (1.27)

Effective gravity = G = 980 (1 - 0.913) = 85.26 cm/s?

Velocity at the exit of the nozzle: V =

Radius of the nozzle = D/2 = 1,27/2 = 0.635 cm

2 2
. . . 2V° _33.83°
Jet Froude number = Fj *6p " 85.26 % 635

OO L e e TP

= 21,14

Vertical velocity of the jet at the level of the water

= U =Q L 2gH = 46,09 cm/s

Hence, the jet radius at the level of water = b = % /U = 0.54 cms

Frow equation 7, we have hb = % = 0,27 cm

e Froude number for radial flow at , _ 2x 46.09° - 92.28
A the jet radius (from equation 8b) “b  85.26 x 0.54 '
Since this Froude number is much larger than unity, there will be a

radial hydraulic jump at the position where the jet strilkes the water v
surface.

4 Radial velocity just before the jump = u, = U= 42.86 cm/s g

Radius at which hydraulic jump occurs = b = 0.54 cms
Height (thickness of liquid film before the jump) = hb = 0.27 cms
Froude number before the jump = Fb = 92.28

From equation 10, Fa = 8 x 92.28 = 0.0411

(V6 % 92.28 + 1 - 1]°

M SRS R ST LT
&

[}

F fon 11, h_ = 0.27 Mlls-zﬁs
rom equation 11, h 27 % | 51T . cms

. 0.27
From equation 12, u, = 42.86 x EWT 3,273 cm/sec

e S

The radius outside of the jump is assumed to be the same as b, i.e.

=i

outside radius of hydraulic jump = a = 0.54 cms,

el
L

These values are used as input parameters to the spreading model.
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Section B: Radial Spread of a Liquid Releaged at a Constant Rate
On_the Water Surface :

Figure IV-4 schematically illustrates the physical model used for
developing the theoty of apread.

It i3 assumed that 1liquid is issuing radially at a comstant velo=

city u,, at a radius "a" over a height ha' These values remain

The liquid released on water spreads to an ;
It

constant in time.
extent R(t) in a time t (reckoned from the instant when R{t) = a).

is required to obtain a functional relationship between radius R(t) and

tine t.

The radius "a'" can be construed to be the radius of the outer side

Frm e
. e

sl s

of a possible hydraulic jump in the liquid. 1In section A, we have indi- :
cated a method of estimating both the jump radius as well as velocity )
and height. Because of the hydraulic jump, these quantities do not

change with time.
In performing the analysis given below, the following assumptions

are made:
o The flow is steady and maintained at a constant value;
o The viscosity of the liquid is very high compared to

bttt 8 s

it i

that of water;
Properties of oil are constant;
The reglon of interest (spreading front) is far removed

from the jet axis.

Analysis
We write the continuity, momentum, and global conservation equations

for the spreading liquid and solve for the relationship between the radius

of the spread front and time after release. These are illustrated below.

With reference to Figure V-4, we write

Continuity: ahr) + 9 (hru) 0 (13} l
at or 4
R(t)
Global Continuity: 2rhrdr = Qt (14

r=a

u;aAMMMMWMMMMMMWMM ARl i AL
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In writing equation 14, it {is implicitly assumed that time Is reckoned
from the instant the spread radius ig equal to “a." This vadius "a" may
be equal to the radius at which the hydraulic jump 1is lecated 1F it occurs
at all. Otherwise, "a' could be considered to be equal to the radius
of the lmpingling jet,

u u ah )
Momentum: <= + u == - g - e 15
omentums e T M r o ph (15)
e - e
gravitational viscous A
force shear =
force -
where ¢ is the shear stress at the liquid-water interface acting in the E
outward radial direction, and G is the effective gravity defined in :
equation 9. :
. } dR(t) ?
Kinematic Condition: at r = R(t); u [R(t)] = dat (16)
Initial Condition
at t = 0; R(0) = a 17)
and no liquid exists in the region r > a
Boundary Condition
at r = a for all time, u = ual
h = h s (18)
a
where u, and ha are connected by the constancy of flow condition
Q = 2na u, ha (19)

The set of equationg 13 through 19 forms a coupled set of
nonlinear partial differential equations. There is no exact ;1%
solution to the above set. 1

A simplified solution is given below, based on certain assumptions :
and simplifications. The metbod followed is similar to that gencrally
used in fluid mechanics, called the Pohlhaussen's techaique. In this
method, the equations of continuity, momentum, etc. are satisfied only

in their integrated sense and not at every point within the flow field,
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Simplified Solution for the Radius of the Spread Front

To obtain this simplified solution, we make the following
agssumptions:

Only the gravity-inertia repime of spread is considered; i.e.,

the viscous-frictional term is neglected,

¢ The film thickness profile can be represented by a similarity

e The spreading front of the liquid moves with a velocity equal
to the wave velocity corresponding to the thickness of liquid
at the end; 1.c.,

u(R) = VG h(R) (20)

The third assumption is based on observed experimental evidence which

e T T AT T

indicates that the above is true when the radius of spread is large.(s)

In the present problem large radius implies an order of magnitude greater

than the radius of the impinging jet. ;

We define the following dimensionless and characteristic variables

to simplify the procedure for obtaining the solution.

2
u
F = EQE = Froude number at the source radius
a
¥ = R/a = Dimensionless radius of spread front
v = u/ua = Dimensionless velocity
(21)
§ = h/ha = Dimensionless liquid film thickness }
t =2 2 Characteristic time %
ch u :
a :
T =4t = Dimensionless time
teh 1
§ =r/a and n = %:I s = x =1

Substituting for Q in ecquation 14 from equation 19 and using the dimension-

less parameters defined in equation 21, we get

Global Continuity Equation

x(T)

3
f”“” (22) .

£=1
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Front Condition

From equations 20 and 21, we get
v, = veo =N (23) f

Let us now assume a similarity solution dependent con the similarity vari-
able n. Note n value varies from O (at radius a) to 1 (at radius R).

- . £ - . )
Let g ';ll - EG (:_i)= a function of the similarity coordinate n  (24)

where £, is an unknown factor.

)
The above equation can be written as

§ =1+ E(n) £(1) (25)
where E(n) is a function of n only, satisfying the conditions

0 g
(26) 2
1 :

E(0)
E(1)

and £(t) is a function of time t; the function is as yet unknown.

Substituting equation 25 in equation 22 and rewriting £ in the
integral in terms of n and integrating, we get

T (L4 ED 4V (1/2 % E )] @7

where

E(n) dn

t
o}
[0S
© t—
I

1

L Jn E(n) dn (28)
) _
1

&)
i

n? E{n) dn

5]
=
]
O e

/
substituting 25 in 23.
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(29)

For any given values of EO and E1 (which can be obtained 1f a proper

thickness profile function E is chosen) equations 27 and 29 form a
coupled set of equations for the unknowns ¢ and £(1). Because of the
square root term in equation 29, the nonlinearity presents an analytical
solution. Therefore, we attempt asymptotic solutions.

¢y >>» 1: 1i.e., radius of the front is very large compared to
the hydrualic jump radius.

Then equation 27 becomes

T = wz [1/2 + Elf] (30)

tee, t= v’ [1/2-E +E G+ D)

1

Substituting for (1 + f) from equation 30, we get

1/2
dv 1 L -
[ -+ E) 1/2] (31)

dt
F El Y

]

with ¢ = 0 at v = 0

The solution to equition 31 {s obtained in Appendir F and is f{or ¢ >> 1

12
b ’(ﬁ—) T - 'n—-—L~—-——2— (32)
1 (1 - 2E1)

provided E, <« (33)

1

[SH

Equation 32 indicates that:

e After a long time, the radius is proportional to the square
root of time.

Specific Example

The data from experiment # 14 used in Section A will be considered
for this example also.
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The experimental data indicates that & mean straight line through
the data (on log paper with radius of the pool spread as ordinate and
time as abscissa) for large values of R/a can be correlated by

R= 4,25 t1/2 for R > 10 cms
where R = Radius of gpread front in cms
t = Time from the instant of spill

which becomes in dimensionless uotation (sece example in Section A)

0.54 Ay :
tch .08 0.175 secs E
a = 0,54 cms
x = 3.3 11/2 for x > 18 3

Sinece y >> 1, we write the above experimental correlationm as (y = x - 1)

R L il

v = 3.3 71/2 %
Comparing this equation with that in equation 32, we get i :é
(1 EzE )1/2 =33 %;
1 Zg
%
i.e., El = (0.408 which satisfies the condition in equation 33. é
Suggestion for Thickness Profile §

Experimental observation indicates that the thickness of the oil
slick at radii close to the left core stabilizes fairly quickly, whereas
the thickness continues to change in regions near the spreading front.
In the analysis presented, we have assumed a similarity profile.
Because of this assumption, the thickness at all radii are affected
as the spread radius continues to grow. A consequence of this assump=
tion is the prediction that the thicknesses near the core of the jJet
are continuously increasing (approaching the constant thickness value
equal to that present on the downstream side of the hvdraulic jump).
In order, therefore, to minimize the effect of similarity assumption
on the thickness change in regions of jet neighborhood and to better
conform to the experimental observations, we suggest the following
exponential function. It is noted that the exponential function given

below for the thickness has the uniqueness that changes in the value

of the radius of spread has minimal effect on the thickness in regions

close to the jet.
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E E(n) -[-a--»-l e_3:| ¥

; - l1-e f

Substituting this into equation 28, we get
E, = 0.68

0
and El = 0.41

DISCUSSTON ON THE THEORETICAL ANALYSIS OF SPREAD WITHOUT MASS 10SS
In this part, an analysis has been carried out to predict the H
development of the radius of a pool of liquid with time when the liquid %‘
is spilled on water at a uniform and continucous rate. The analysis
indicates that when the radius of spread is sufficiently large compared -
to the radius of the jet (by say a factor greater than 5 to 10), the |
pool radius increases with the square root of time.

This square root dependence agrees with the experimental data %%

discussed in Part 1. The theoretilcal analysis also indicates :
that in the very early stage of development of the pool, the pool %i
radius increases almost linearly with time. In other words, the front :
expands with a constant velocity. However, this constant velocity

expansion lasts only for a very brief period.

b In the first section of the analysis, the phenomenon of hydrualic
jump (that may occur) has been investigated. It is found that for
most splll situations, the hydraulic jump occurs (if at all) very close
EP to the region at which the jet enters the water. In fact, it is a

R TRPI, I A

S 1

common observation in a kitchen sink that the radius of the hydraulic
jump becomes smaller and smaller as the sink fills up and finally
completely vanishes when depth of water in the sink is onlv a few teanths
of an inch. The same phenomenon would be true in the case of =
a jet of liquid coming into a water body of large depth. There-
fore, we feel that for most spill situations, the location of
the hydraulic jump can be assumed to coincide with radius of

the jet at the point where the jet enters the water surface. The ;
downstream of hydraulic jump values of velocity, thickness, and

Froude number can then be calculated using equations 12, 11, and

10 respectively.

In the analysis of the spread phenomenon, the equation for conserva-
tion of mass and the known fact that the front moves with a local wave

velocity corresponding to its thickness are used. In addition, the H
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golutinn postulates that the thickness profiles are similar. Because
of tﬁe iatter agsumption, it is not necessary to solve the momentum

equation at all, In fact, the solutions we have obtained (equations

32 and 36) do not use the momentum equation. However, the correctness
of the solution has been more than adequately justified by experimental
data. To this extent, the crucial assumption in the analygis is the

gimilarity assumption. Abbot and Hyashi(7) have obtalned « solution

which includes the momentum equation but does not satlsfy tie momentum
equation completely. However, their solution, which indicates a constant
velocity of radial spread, is not corroborated by the experimental data.

Numerical values indicate that the initial constant velocity
spread regime (equation 36) does not last very long (at best 1 to 10

seconds), and most of the spread is in the square root time dependence

regime,

Part 3: Spreading of a Crvogenic Liquid on the Water Surface
When Spilled at a Constant Rate

THEORETTCAL DEVELOPMENT

When a cryogenic liquid (which boils at a temperature below the
ambient temperature) is spilled on the water surface in a continuous
stream, the liquid spreads radially at the same time as it evaporates.
If the evaporation rate per unit pool area remains a constant (as is
probably the case for spills of such liquids as LNG), then the liquid
pool expands to a maximum radius consistent with the liquid inflow
rate. A similar situation is expected to occur when the spreading

liquid catches fire.

The objectives of the analysis presented below are to estimate
the maximum radius of spread and to calculate the duration of time
taken to reach the maximum radius from the instant the spill is initi-
ated. Most analyses for cryogenic liquid spills have treated the spill
as being inscantaneous.(e‘g) Although frem the point of view of the spread
area the instantaneous spill is the worst situation, it is not at all
clear whether it would represent the worst case when there is a fire
also. The same mass of liquid released over a long time (as a continuous
spill) and sustaining a fire on the pool may cause a severe thermal damage
to nearby structures because of the long exposure time. The analysis
presented below for the spread problem will aid in the evaluation of the

hazards of the above kind.
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The analysis presented in this part 1s in two sections. In Section
A, the maximum pool spread radius is calculated for a constant spill
rate and constant rate of evaporation per unit pool area. 1In Section B,
the analysis is concerned with the description of the pool spread problem
during the transient period between the time the spill 1s initiated to
the time at which the pool spread is a maximum. To obtain the answers
needed, the analysis performed is similar to that made in Part 2 (0il
Spread Problem) except that in this case there is the added complication
due to the continuous mdss loag due to boiling.

Section A: Steady State Pool Size Calculation

For a constant spill fate of a cryogenic liquid which boils on the

water surface at a constant rate (of mass loss) per unit of pool area,
there exists a maximum pool size to which the liquid will spread.

This maximum size is determined by equating the spill rate to the
evaporation rate. This calculation 1s illustrated below.

K Rﬁax Y ey = Qe a7
S —— e
Total rate of Mags inflow
evaporation rate
of mass from the
pool

0

where y = liquid regression rate (i.e., the rate of volume loss of liquid

per unit pool area). Therefore,

=’§L
Rmax ny (38a)

We now define a dimensionless evaporation rate parameter T as

R VA (39)

Physically, I' represents the ratio of evaporation vrate from the pool
of area equal to the cross sectional area corresponding to the outer
radius of the hydraulic jump of the jet (naz) to the inflow rate
(note Znauaha = é). For most spill situations, this parameter '
example). This observation 1s important in that it helps to simplify
the mathematics of the spread problem (in Section B).

Substituting for Q in terms of U, a, ha from equation 19 and utiliz-
ing equation 39 and the definitions of dimensionless variables (equation 21)

we write equation 38a as
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Therefore, given the {low conditions and the liquid regression rate,
the maximum pool radius can be evaluated using equation 38a or 38b.
This 1s 1llustrated in the example given later.

Section B: Transient Spreading Analysis

In this section, we obtain a timewise description of the radius
ot the vool as a function of time. Based on this result, we calculate

the time to reach the maximum radius given in eguation 38,

The equation of continuity is written in the global form. 1t is
solved using the assumption that the front moves at a velocity equal
to the wave velocity corresponding to the thickness of the liquid layer
at the spread front. 1In addition, we use the thickness profile similarity
assumption which was used in Part 2. The equation of continuity
obtained after the substitution of the other two of the above equations
results in a nonlinear integro differential equation for the radius as
a function of time. Fortunately, however, the order of magnitude of the
evaporation term is small (because .« 1), Therefore, we obtain pertur-
baticn selutions to the equation of gpread. These steps are 1llustrated
below.

Global Continuity Equation

R(t) t
Qt = 2nrh dr + j 7 Rz(c') y dt'
r=a t'=0
————e— ————
Total Volume Volume of Volume of Liquid
of Liquid Liquid in the Evaporated in a
Spilled in Spread Svsten Duration of Time t
Time t at Time t

In writing equation 40a, the following assumptions are mzdet

e The volumetric spill rate Q and the liquid regression rate y

are independent of time.

¢ The time t is counted from the instant when the spread radius
is equal to the radius corresponding to a possible hydraulic
Jump, (Cenerally, this radius in a liquid-liquid system is the

same as the radius of the jet at the entry into water.)
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! ; e Evaporation area is the total contact area of liquid pool with
: water (m Rz) although the “spread system" considered is hetween
' 1 radii a and R,

Using equations 21 and 39, we write equation 40a in dimensionless form as

x (1) T
- §E de + T ] W (") do (40b)
£=l 10

: - In addition, from equation 23 we have (with the wave velocity considera-
tions for the spreading front)
C - 9X .4/ e
: ) Ve T dr ¥ (23)
where ¥ 1is the downstream of hydraulic jump Froude number defined in
equation 21 and ée is the dimensionless thickness at the spreading
front.
Now imposing the assumption as to the similarity profiles for
thickness of the liquid layer, we have from equation 254

: 25a

i § =1+ E(n) f(r) (23a)
f where E is a function of the spatial similarity coordinate n and f
£
yi is an as-yet-unknown function of time T. (See equations 21 and 24a for
?{ definitions.) Also, we have from equation 21

: b= x-1 (1)
g In equation 40b, substituting equations 21 and 25a and writing & in

X tecrms of n (using equation 21) and performing the spatial integration

(w+ r -+ tn) and noting the definitions of Eo and El from equation 28

_ we get .

§3 T o= [(1 + Eof) + y(1/2 + Elf)] +7T J. 1+ w)z dt! D
E o) il
{ with ¢ = 0 at t = 0 .

In the above equation 41, we substitute for f from equation 23

in terms of the differential %%. In the resulting equation, Eo, El' ®
and ' will be constants. The resulting equation is an extremely com- o

plicated, highly nonlinear integro differential equition which describes
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the behavior of ¥ (the radial spread) with t (the time). Because of the
very nature of the complications, we make several approximations, none

of which is of any serious consaquence as far as the solution is con-
cerned, which nevertheless result in enormous simplifcation in the

mathematics,

Before attempting an analytical solution to the coupled equations
23 and 41, we recognize the following physical facts:

e In general, the final spread radius of the pool {is congsiderably

larger than the jet radius
1.e. ¥ >> 1, l.e. y >> 1

e The evaporation parameter ' << 1

(Thie has already been discussed.)

Substituting 43a in 41, recognizing that in view of 43a,
wz »> ¢, substituting for f from 29, we finally get

2 T
= wZ [(1/2 - El) + ElF (-3‘%’-) ]-i- I‘JUJZ(T') dr!
0

with conditions ¢ = 0
at 1 =0
dy

1
dt JF

folution

The solution to equation 44 cannot be obtained in closed form.
However, because of the smallness of I', we can obtain perturbation
solutions. The detailed mathematics and the procedure for obtaining
the solutions (up to 2nd order perturbation) are given in Appendix C.
Cnly the final results are given below.

2 1/2
c = (&—:waﬁz) T = 1/k

EIF

with

(43a)
(43b)

(44)

(45)

(46)

e ————— e

LB

e

gl

il




Zeroth Order Solution

o=7 (47)

T =i (48)
and Toax - &
where ?63 is the dimensionless time to reach the maximum radius given
in equation 38a.

Second Order Solution

2
£33 e,y 49

o=t 5 0 + 1 (49)
and

max €

The first order perturbation solution is not physically valid.

Specific Example

In this example, we consider the release of LNG from a ship onto
the water surface and its subsequent spreading.

Physical Conditions Assumed

LNG leaks out of a sperhical tank of diameter = 40 m

The leak hole is at the bottom of the spherical tank
and is of diameter = 0.5 m

The mean flow rate through the hole is equal to one half of the
maximum flow rate

Height of the hole above water level = H = 20 m

Axis of hole is horizontal

Coefficient of discharge of the hole = 0.8
Properties of LNG

Density Py = 425 kg/m3

Boiling temperature = 112 K

Boiling rate y = 4.233 x 10"%/s (1 inch/min)

Calculations
Initial flov rate out of the leak hole = 0.8 x (] x 0.5%) x VZ % 9.8 x 40

= 4.4 malsec
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Average discharge rate = Q = 2,2 m3/s

If we assume that all of the liquid released from the leak hole
eventually hits the water surface (that there is no flash vaporization)
then the vertical velocity in the liquid jet when it enters the water

is given by '3

U = the horizontal velocity (mean value) = . 11,205 m/s
horz 152
4
Hence, the velocity with which the liquid jet enters the water

U -J 0l HUE = 22.75 w/s
Of course, in making this calculation, the deceleration of the jet due
to air resistance and entrainment, jet instability, flash vaporization,
etc. have not been taken into account. These do affect the jet entry
velocity and its size. However, inclusion of these phenomena complicates
the analysis, and since we are interested in obtaining pool development
times accurate to within only an o;der ogﬂmagnitude, we neglect the
consideration of the above mentioned phenomena.

Therefore, the radius of the jet just before it enters the water
—————
is = b =J~9~— = 0.1754 m
Tu

Since the entry velocity is very high, the hydraulic jump takes place
right at the circumference of the liquid jet.

Hence, Radius of the hydraulic jump = a = 0.1754 m
Effective gravity = G = 9.8 (1 - .425) = 5.635 m/s2

Thickness of film before the hydraulic jump (equation 7)
= hb = 0.0877 m

(22.75)%
Froude number before hydraulic jump (equation 85) = o

5.635 x 0.0877
= 1047
Froude number after the jump (equation 10) = Fy =~ F = 0.013
Thickness of liquid film after the hydraulic jump (equation 11)

1/3
' 1047
= h, = 0.0877 (0.013) = 3.97 m
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Radial velocity downstream of hydraulic jump (equation 12)

0.0877

197 - 0.5026 m/s

=u, = 22,75 x

Characteristic values

_ L 0.1754 _
equation 21 teh ™ O 5026 0.349 s
175

-4
equation 39~ = Q1734 x 4,233 x 10~ _ 4 g41 4 1075

2 x 0.5026 x 3.97

Hence the wmaximum radius of spread (equation 38b) = Xpax = %: = 231,8
r

Note X >> 1
max

In dimensional units, this becomes

R =ay = 0.1754 x 231.8 = 40.06 m
max max

wmax = Xjax " 1 = 230.8

With the value of El = 0.408 obtained from experimental measure-
ments with oil (see page 17) we have the following equations for the

development of the radial front (see equation 46)

FE

. 1 5 = 0.013 x 0.408 s = 0.16
(1 - 2E1) (1 - 2 x 0,408)
1/2
2
c = [ — = 3.3
(=)
e = Pec?y=1.81x 10 x 3.32 x 0.16 = 3.243 x 107
o = .3 084 x 104
max €
?ﬁax = % = 3,084 x 104 (zeroth order - solution to equation 48)
Therefore, t - t k= 3.084 x 10A x 0.349 x 0.16 = 1722 seconds
max max ch

Second order solution (equation 50) gives cma* = 1,6 x 1722 = 2755 seconds.

»

DISCUSSION ON THE ANALYSIS IN PART 3

Using the global comtinuity equation and the assumption that the

leading front expands at a velocity equal to the small disturbance wave

[
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velocity (corresponding to the liquid film thickness at the spread front)
we have obtained a solution %o describe the timewise expanaion of the
radius of the pool of a cryogenic liquid spill on water. The liquid

is assumed to be spilled at a constant volumetric rate, and the evapora=
tion rate per unit area is assumed to be constant,

The solutions obtained are not exact because of the use of global
equations and the neglect of the momentum equation completely, (Instead
we have used the velocity at the front condition and thickness similarvity
assumption). The perturbation solutions obtained are correct because
of the smallness of the evaporation parameter I', There are no experi-
mental data to check the predictions of the spread model. Any improve-
ment to the theoretical model, therefore, has to be done only after

some data are obtained.
The zeroth order perturbation solution (equations 47 and 48)

gives a faster rate of expansion of the pool and therefore a smaeller
time to reach the maximum radius. However, when evaporation ie included
in the spreading process as is done in the second order perturbation
solutlon, the rate of expansion of the pool is reduced, and therefore

a longer time is needed to reach a given radius. These facts are shown

clearly by the calculated times given in the specific example.

In an actual situation when the pool spreads to its maximum extent,
the velocity of the front is zero (because it cannot spread any more).
The solutions given in equations 47 and 49 do mnot give the front velocity
to be exactly zern when the pool size is a maximum, However, this velo-
city is extremely small (of the order of the value of VI in dimensionless
units) and therefore the error ia the solution is negligible. Because
of the better result obtaired irom second order perturbation solution,

we suggest that it be used in CHRIS.

Part 4: Evaluation of the Thermal Hazard from a Fire on an
Expanding Pool of Flammable Liquid Released Continu-
ously on Water

THEORETICAIL. DEVELOPMENT

In Parts 2 and 3 of this memo, models were developed to predict the

slze (radius) of spread as a function of time for a given liquid release
rate. In this part (Part 4), we analyze the tlermal hazard from such an

expanding pool which also sustains a fire.

Basically, the thermal hazard to an observer outside of the flame is
due to flame radiation. For an observer at a fixed location with respect
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to the center of the spill, the intensity of radiation recelved from the ;

i - {ire increases with time (as the pool expands) because of the increasing ”F
C i dimensions of the flame. In the case of continuous release of liquid,

o . the pool reaches a maxitum radius for constant liquid regression rate.

Therefore, when a fire results on an expanding pool from a continuous

source, the inrensity of radiation at any given observer location increases
continuously at first until the pool attains a maximum radius and then
remains a constant. Therefore, in calculating the thermal hazar:!, one

should congider two regimes - the initial transient regime and the steady

2 5 T state regime.

] : In the analysis helow, expressions are derived to calculate the thermal

dosage to an observer at a glven observer location as a function of time.

; : A gpecific example is given to 1llustrate the method.

ﬁé : : Section A: Thermal Dosage Calculations During the Pool Spread Period

i N Consider an observer located at the water level at a distance X

= from the spilll point. We assume that X is greater than the maximum
radius attained by the pool (see equation 38a).

The flux of radiation received by the observer due to the flame on ,
the peol is given by 1:
q"'(t) = § T q; (51)

where

q"(t) = rate at which thermal energy is received by the observer at

X per unit area

S = yiew factov Letween the [lame and the observer
T = atmospheric transmissivity (which is a function of distance .
} and relative humidity) i
. q; = mean emissive power of the flame (at the flame surface) f

?} In the above equation, generally é; remains a constant once the
size of the flame exceeds a certain value (typically 30 feet diameter
for LNG flames). The parameter that is sensitive to the size of the flame
(for a given X) is the view factor 8. Similarly, the value of T (trans-
missivity) algso varies depending on the distance between the flame surface

and the observer surf{ace.

The thermal dosage to the observer per unit area in a time duration

t is calculated by

i
e




t

q" (k) = I q"(t)dt (52a)
0

Substituting equation 51 in 52a, we get
t

qQ''(t) = &g S(t) T(t) dt

(52b)

0
In order to obtain the dose q" from equation 52b, the detalls of the vari-

ation of 8 and T with time have to be known. § can be caleulated if the
pool size (radius) and the flame height are known, For most flames, a
conservative assumption for flame height to pool diameter ratio is 3.
The transmigsivity also has to be calculated at every instant of time by

snowing the flame size and therefore the distance between the observer
and flame surface. The pool radius itself is calculated from equation 49.

The integration on the RHS of equation 52b has to be performed numerically.

= Evaluation of Equation 52b when X »> R and When Humidity in the
- Atmosphere is low (T = 1) L qu

i . When X >> Rmax’ it can be easily shown (if we assume the flame to be
3 of cylindrical shape with base radius R and height L) that

2
2R” (L/R) .
kil }(2

|92]

Equation 53 is the same as the famous inverse square law. [t is obtained

by using the fundamental definition of the view factor.clA)

The view
factor between a large rectangular plane surface and a unit plane sur-

face parallel to it and located at a far off distance is equal to (1/u)

‘times the solid augle subtended by the large surface at the unit surface.

T(t) =1 (54)

It is noted that by assuming equation 54 to be true, the estimated thermal

intensity at the position of the observer is very much larger than what it
would be 1f the atmospheric absorption is accounted for. Hence, equation

54 represents a conservative assumption.

Substituting equation 33 and 54 in equation 52b, we get
t

q"(t) = (ﬁ) a (i;) J. R (%) dt (55)

0
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If we assume

L, (56)
X 6
and substitute for R from equation 49 we get
*The plane of the viewing element is vertical.
2
4 3 2
e (I2) Lu [_max L A X
q (n)qF 2 )= Fen |77 Ty for St G
where y = £t = [ 2 (%-) (58)
t
ch
Equation 57 applies within the time duration in which the pool radius
becomes a maximum (i.e. €T = 1.6, see equation 50).
Beyond the ¢ime t = tmax' the dose calculation is simple. 1t is
obtained by multiplying the intensity at tmax by the difference in time
between t and t and adding the result to the dose at t .
max max
i.e., t » t
max
(59

q"(e) = q"(t )+ q"(tmax) (b=t )

Specific Example

We assume the burning of an LNG pool when LNG is released continuously.
The conditions given in the example in Part 3 are assumed to hold for this
example. For the purposes of illustration of the thermal dose calculation
procedure, we assume that the boiling rate (;) does not change very much
in spite of the existance of fire on the pool. 1In addition, we assume

the following additional data:
&; = Emissive power of the flame = 105 w/m2 (31700 B/hr ft2)

Transmissivity of the atmosphere = 1.0

it

T

Distance to the observer from the center of spill = 300 m

4

X

Substituting the above values in equation 57, we get (noting that Rmax = 40 m,

k= 0.16, £, = 0.349 secs, c = 3.24 x 107)

5
q'"(t) = %3 x —0

2
40 ) 4 3 2
—% (3= ] x 0.16 0.349[J- -3 .L_]
3.74 x 1072 (300 X % gty
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1,861 x 1070 2

wh - X xi303 =
ere y 230 L ¢« 5,807 x 107 .
where t is ir seconds.

Note that the maximum radius R

% = 40 m 18 attained in time t
27535 seconds, i.e. at y = 1.6, n

Hence,

N,
[}

"y o=, TrLe 163 1 g2
q"(c,, ) = 1.1703 x 10 { s - 18T e

]e 1,019 x 107 J/p?
DISCUSSION OF ANALYSIS IN PART 4

It is interesting to note that in general, for long exposure times (greater
than 10 minutes), wood catches fire spontaneously when the energy
absorbed is about 250 Btu/ft2 (2.8 x 106 J/mz) and skin dnjury takes place

when about 2 cal/cm2 (8.4 10& J/m2) of energy 1s incident in reasonably

short time durations (of the order of a few minutes). As can be seen

from the above result in the example calculation, 300 meters from the spill
center 1s safe from both wood ignition as well as skin injury point of view.
CONCLUSTONS

The problem of spread of a lighter than water immiscible liquid has

been analyzed in this chapter in four parts. The spread of both non-

volatile and volatile liquids has been considered.

It is seen from the data from the experiments using motor oil that

the radius of spread 1ncreases as the square root of time. The same resuit

is also obtained by the theoretical analysis presented in Part 2.

In Part 2, a model for the spread on water of a continuously released

non-evaporating liquid has been worked out. The model uses only the mass

conservation equation and the known fact that the front spreads at a

characteristic wave velocity corresponding to the thickness of the liquid

film at the front. Similarity assumption is made for the thickness profile.

The theoretical analysis predicts the same law of spread as has been

obgerved experimentally, The one free constant in the analysis is

determined by the use of experimental information.

A model has been derived in Part 3 to predict the rate of spread of a

cryogenic liquid on the water surface when {t is released continuously.

The model incorporates both spreading and simultaneous evaporation due to

boiling or vaporization due to fire. The solutions to the spread equations

are obtained using the method of perturbations. The time to reach the

maximum pool diameter is predicted using the solutions derived.

188

3
A
q
2
3
i
4
k.
.
.
3
3
3

bt e A i L ol LR L

i g iia

ST L
T

gkl

Wi




=y
1
==
=3

The analysis presented in Part 3 and the example considered in it
indicates the time to spread to the maximum radius in the case of a
continuously spilled cryogenic liquid is not small., This observation is
important because in most analyses of cyrogenic spills, it was always
assumed that the pool would cevelop "almost instantaneously" to the maximum

radius.

Finally, in Part 4, an example is considered for calculating the
hazard distance from a growing pool of burning liquefied gas. The results
from the example considetred indicate that the hazard distances are not

large compared to the maximum radius of pool spread.
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APPENDIX F
Solution to equation 31: Radial Spread Without Mass Loss :
1 : -
; 2 112 : :
de . 1 | v+ B - 7 (F1) 5
dr TE : N
1 . 2z
with v = 0 at o= 0 1
DA B _ oL
tee, v _ 1 [r+ (B, =¥ (¥2)
dt FE, )
VT
1 2 2
Let T + (B~ 3) ¢ = ¢ (F3)
R 1 2 -
dy 1 :
Since at 1 > «, S+ -+ 0 we see from equation F2 that E,~ &
dr 1 2
must be negative;
i.e., E, =< L (F4)
2 t
Substituting F3 in F2 and simplifying, we get '
N
- 2
: de 2y - D
_ e~y = 12
3 dr » - ¢
B : V FE
3 ¥ €
9 ' i.e, f 2ede  _
Z 0 1-2 ¢ T
! where v o= (125 (F5)
VEE
i,e.,
€
1l fin 1 €
[ X (i39 ] L (F6)
0
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2 1
agtHe= & > 5 o=

constant (F7)

Substituting for ¢ and XA in F6, from F3 and F5, we have

2¥8, , 1 e
T W e n e —— | = - _(1=2E 3 " :
(1-28) 2 1 - U-2EY ‘/ a2 e V8 -
——— X - ——— g ;
F'El 2
and asymptotically ,
1-2E FE
{1 2 R
T -( 5 ) V] -+ (1-—2E1)2
i.e.,
1-28, (1-2e)°
FE
SRt
i.e. m ¢y > T T =
» oo 1=2'E1 (1~2E1) (F9)
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APPENDIX G

Solution to FEquation 35a: Small Time Solution to the Radial Spread Without

Mzss Loss
i
dy 1 ( 1 ) 2
s 2 e, —— 4+ E~1
dy P Y o (Gl)
o)
with p = 0 at T = 0 , Eo and F are constants.
Let T .
m + EO 1 = A (G2)
) 1
and g = e (G3)
FE
o
Hence, equation Gl becomes
1
- (c4)

From G2, we have after rearranging,

v (Z2+1- Eo) = T (G5)
& Differentiating the above w.r.t. ¥ we have
3 dz . gt (6)
(241 Eo) + ) T
é Substituting for drt/dy from equation G4 in G6, we get
dz 1
z+1-E) + y & = ——1 (G7)
° dv 8z 2
Let S = iny
Po= B -1 (G8)
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Therefore, G7 becomes

1
Let g = 22 (G9)
Henice, we get from 9 and the equation above that
dg 2 - 1
4 (Zc a8 + z r ) 5
2 de 1 3
ioe., 2(; 'a"s' = 'g + T§ ~T g
Integrating, we get
3
= 2/3 u (l + TI'g - ) + _:Z;I‘ Jlﬁ____ 3 = § + Constant
B & +Tz-1¢)
g
If oy a, a, are the roots of the equation :
1 3 :
E + Tz - ¢ = 0 (G10)
we have
dg - dz
1 e ¢ (=) (g-a) (L-a)
2 , - A - -a
8 1 ¢ 2 3
i.e., . A + B _c
Zg-al) (c=a2) (c-u3)
where
1 N \ - 1
A = 6 = a . ,0 - 0 ’ Bo= a- a \ ,q ~ 0
'y 2YCh TR (2 1N 3) (G11)

and C

&

G5 T Y
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342 (g=d ) (z-a ) (3~ )
te, v 7 = L 2 3 (612)
(g + Tg~ 53)
where - (T . and - _
T = (—E—_ + 1) r EO 1
where ay o, g are the three roots of equation G10

The above equation ig an implicit solution for the differential equatioﬁ Gl.
However, we can obtain a simpler solution given by
y = ¢ (G13)
where ¢ 18 a constaant.
This satisfles the condition ¢ = 0 at t = 0

Subgtituting GL3 in Gl we get

This cubic equatioh in ¢ has to be solved for given values of B and T'.
It can be shown that only one real positive of ¢ is possible for

all values of B and " with some restrictions.

i.e., c3 = BZ [ 1 + Te ]

which can be written as

3 ¢

S -
L = 1+ T8 7
g > 8 3

The above equation is a cubic equation in (c/Bz/3

) and can be solved using

the exact solution given in Reference 13. Hence, the solution is

2 1 23
/3 [ 3\ 13
oM (58 P8V ] e

/413

=
[
fa

where it is assumed that X <

1

Wi

2
with o= e /3 (B -1) ( . % (G15)
[o]

194

i s D

£
E
B




L

AT

LA R

Therefore,
: 1
. 3 o 1 .3
TIEEEE = 7 & (g
5§ Y
= 3
- é Note that for all positive values of Eo less than unity, the above
%] i condition is satisfied.
E, < 1 (616)
5 . Substituting for ¢ and ¢ = ¢t, we have
! 1,1 1.3
ANy L (1-E0)3) ‘2‘}3 g @) |
: Ve ER {i* S TER 12 G Ty (@
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APPENDIX H

Perturbation Solutions to Equation 44: Radial Spread with Mass Loss

1
2 2 2
1 d
T= [ §=E1) + E,T (a{_’-)] +I‘/¢ (') dr'
with v =0 at 1 =0

We define the following parameters
1

¢ 2 \?
1-—2E1

®

!
4
~
~
=

From equations 38b, HS5 and H7, we get

(o3 ES

1
max €

Substituting equations H3 through H7 in Hl, it can be shown that the

egquation reduces to

T

T = g 4 3% ) + ¢ o (1) dr’
'= 0
with
og=0 at T =0
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(11)

(H2)

(H3)

(H4)

(H5)

(16)

(H7)

(18)

(H9
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It 15 noted from the solution given in equation 32 (Part 1) and its
application in the example given in Part I, that the value of ¢ is of the
order of unity (actually ¢ = 3.3) and c2 is of the order of ten. Also,
the value of v from the same example is of the order of 0.1 (actual value
k = 0.16), Therefore, we see that ¢ (equation C7) is still very small

compared to unity.

Perturbation Solution to Equation C8

Zeroth Order Solution

i.e., £ =0

2
Pl do
To= o4 (d‘%’)

The asymptotic solution for this (for large™ or o) 1is

o = (1=1) (H10a)

This 1s exactly the same equation that was derived in Appendix G and

presented in equation 32,

i.e., Vo= c\/T‘ (H10b)

X - L
max max \/—-
r
Therefore
1 Cy/T.
—~ = max
1[ r
i.e., Thax = %
ce“r (Hlla)
which can be written as
Toax € = 1 (H11b)
where 1 is the time taken to attain maximum radius

max
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First Order Perturbation

We substitute the result of equation Cl0a (noting that 1 »> 1)
in the differential and the intepral of equation C9, Then we get
_2
- 1
T =d+1 4+ ¢ 3
1 ¢ 2.7 /
1.8, g = = -y T+ =1 (Hl2)

It is noted, however, that Cl2 is not a physically valid solution.*
Hence, one more order of perturbation has to be worked out.

Second Otder Perturbation

Substituting Cl2 in equation CY9 in the integrand and the
differential, we get
2 — 39
- £ 7
6 ]

2
T=0+ [ leg 1 ] + ¢ [ -
£ << 1, we get

Nothing that v »> 1 and 1 »> 1 and

+

-li\
r A

ik

T A i it b

: . & =3 ¢ =2 -
: o= g 1 5 T + 1 (H13)

; To obtain maximum time, we have (using equation D8 and D13)

3 2

/
€T ax =3 (c Tmax)+ 6 (e-;max)-6 = 0

It can be shown that for the above equation, there is only one real root(11>
and this is given by

T
LI

] T - ‘3
\ Toax © 1.6 (H14) 5
. =
. It is interesting to compare the results of equation H1llb and H1l4. _E

IS

e

*
This is because if equation U8 is substituted in 12 and T

x is obtained,
one obtains a complex number.
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NOMENCLATURE

a = radius of the outside of the hydraulic jump _ 0
b = radius of the jet juat before it enters the wétet m
1/2 ’
e = constant defined inequation 46 & (I—=2;§~) /
- B,
: D ‘= diametar of the jet nozzle m
E dz = maximum depth to which the liquid sinks underneath the jet m

E(n) = a functlon defined in equation 25

- - EO' El = constants obtalned from integrating E function; see
: equation 28

F = gource Froude number; see equation 21

Fa = Froude number at radius a - also interpreted as the Froude
number downstream of a hydraulilc jump

F = Froude number at radius b = Eg=

b Ghb

f(1) = a time dependent function defined in equation 25

3 p ]
- G = effective gravity = g(1 - ;& )} see equation 9 m/32 ]
W d
g = acceleration due to gravity m/52 "
H = height of the exit section of the jet nozzle above the water surface m
h = thickness of the liquid film at any radial positdion th
B ¥ 3
K = constant defined in equatior 46 = -~~~y E
(1 - 2E)) }
p = thermodynamic pressure N
p = atmospheric pressure N
atm
3 Q = volumetric flow rate n/a
j qE = emissive power of flame (W/mz) x_:/m2
?- "(e) =t ,
q adiative heat flux received by an observer at ground level (w/mz)
3 " -
;. q"(t) total radiative heat dosage in a time duration t (J/mz) 1
" R = radius of the gpread front at any time (m) :i
4 i
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R = maximum radius to which a cryogenic liquid spill would spread m

max
r = radius m
: 5 = view factor between the flame and the observer (see equation 51) %
T = atmospheric transmissivity to thermal radiation from flame E
é t = time s ;
' toh = characteristic time = a/ua; see equation 21 ) g f
u =-mean velocity in the jet just before it hits the water level: - - n/s
u = radial velocity at any radlal position m/s
v = mean velocity of liquid at the exit section of the nozzle m/s 3 7
i ' ‘ v = dimensionless veloeity; see equation 21 ;.1{}
L . X u distanée from spill center to an observer receiving n
radiant heat
; = liquid regression rate (in length/time) (m/s) m/a
2; r = dimensionless evaporation rate = Eﬁxﬂ_ (see equation 39)
: aa
- 5 = dimensionless thickness of liquid film = h/h_
n = gimilarity variable (radial) = %“5“% E
! 3 = dimensionless radius = r/a f?
; o = density of fluids kg/m3 E;
E g = a radius parameter defined in equation 46,
ke Also, liqulid-water interfacial (viscous) shear stress (equation 15)
: T = dimensionless time = t/tch
X = dimensionless radius of spread front = R/a é
v =x-1 i
€ = dimensionless evaporation rate defined in equation 46
. ¢
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Subscripts

a,b,vr = the cenditions at the corresponding radii

Rt A PR

i ch = characteristic values

% e w the conditions at the spread front

f ] = the condition in the jet at the exit of the nozzle

é ) s liquid

i; 0l = the conditlon at Oi

% , ' 0, < the condition at 0, : S " L
i w = water

b 3

3 =
i o
= =2
i,

2.

2%
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CHAPTER V

HEATING, RUPTURE, AND RELEASE OF A PRESSURIZED CARCO IN A FIRE

OBJECTIVES

The objectives of the analysis presented below are to obtain a timewise
history of the pressure in a pressurized propylene tank on a barge exposed
to a fire and to identify the important parameters or physical conditions
that affect the time and pressure at which tbe tank ruptures.

INTRODUCT ION

A common method of transporting large quantities of bulk propylene
is by rivetr or ocean-going barge. These barges tend to have shallow
draft hulls with either two or three long cylindrical tanks mounted on
them across the beam. A typically configured pressurized propylene_
barge used by Union Carbide Corporation and built by Bethlehem Steel
Corporation (see Figure 1) has three cylindrical tanks aboard. Each
tank measures 14.75 feet in diameter by 193.5 feet in length. The tank
has an uninsulated steel wall 1.5 inches thick and contains no internal
baffles. The propylene contents are in a liquid state with an 8%
ullage volume during shipment. Safety devices on each tank consist of
four relief valves (set at 260 psig), two each of the 4" x 6" and 6" x 8"

variety.

From a structural standpoint, the barge itself 18 a relatively
flimsy device, having a thin (0.5 inch or so) hull and being quite
vectangular 1n cross-section. The tanks are supported on internal
bulkheads and saddles (typically seven) which serve to transfer much
of tie bending and torsional loads on the hull to the tanks so that the
tanks themselves are the principal structural elements of the vessel.
Atop the hull is a rain shield which seals the hold from the elements.
This shield consists of horizontal plates between tanks and between the
outside tanks and the top edge of the hull side. It is located so that
a 150° arc of the uppper half of each tank is exposed.

Due to the heavy traffic on crowded river and inland waterways,
there is always the possibility of a collision with another vessel.
If we recognize the fact that the propylene cargo is flammable as are
the cargoes of any number of barges with which it could collide, then
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there exists the real potential of a fire's occurring subsequent to a

mishap involving the propylene barge. It would be helpful, then, to
; make a prior evaluation of the hazard which a collision would pose,

l.e., to describe scenarios which might naturally occur as the result

i of a collision, to evaluate the adequacy of safety devices on the tanks
in terms of these likely events, and from thase to make an estimation of

- the fallure mode and resultant damage,

We will assume here that the most disastrous event whieh would
prevail in the event of a collision involving a propylene barge would
be that of a fire and the rapid pressure rise which would accompany it.

? There are myriad other post-collision events which are likely, e.g., the
barge merely sinks due to a ruptured hull, or the tanks rupture and all
the propylene evaporates, but they are understandably benign when compared

with the damage potential posed by a rupturing or fragmenting tank.

So, we will concern ourselves here with the fire hazard alone and attempt i(f

to quantify its effect on the tank's integrity subsequent to a collision.

Implicit in our treatment is the assumption that the fire is sustained

;f by fuel sources other than the propylene contents of the barge itself.
Only vapor which has vented in a normal fashion can participate in ' }
the exterior heat addition; the analysis stops with any rupture which :
would permit the external fire to ignite part of the contents.

THEORETICAL DEVELOPMENT

A. Formulation of the Physical Models

1. The Fire

Virtually any flammable material which is transported in barges
along the same waterways in which propylene barges ply could supply the
fire we are concerned with here., The flame characteristics of different
materials vary widely in their spatial heat flux characteristics. Some
flames are transparent to the radiation and consequently transfer heat
! to objects outside the flame periphery; others are opaque near the flame
;5 edge and unable to transfer much heat to objects outside the periphery,
e.g., gasoline fire). However, in both of these cases, an object engulfed
by the flame would be subjected to an intense heat dosage, both radiative

and convective, It is this latter situation where the flame is in close

proximity to otr propylene barge that we must examine. This will provide
us with the "worst case" heating condition for the vessel which we can

3 presume is the severest hazard that can occur.
B : '
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1,2) indicate

Studies of objects engulfed in avaiation fuel fires
that the heat transfer to the exterior of the vessel may be considered
in two regimes; namely, one dominated by radiation transfer and one by
convective transfer, The temperature of the extarior surface of the
object being heated is used to establish limits on the dominance of each
of these mechanisma, As might be expected, radiation providesz the bulk
of the heat transfer in the initlal stages of burning and continues to
do so until the outside wall begins to re-emit a significant portion of
the incoming radiation. The point at which this occurs is, of course,
arbitrary but has been chosen by some(z) to be a 10% re-emitted flux.
This corresponds to a ratio of absolute wall temperatute to flame tempera-

ture of 0,56, At this point, a heat transfer coefficlent, hwa 1 18 deduced

1
such that (assuming both flame and vessel surfaces to be black bodies)(l>
. L oem b 4
hwall(Tflame - Twall) - c'(Tflsnfne = Toal1)

Throughout the remainder of our analysis of heat transfer to the tanks
when engulfed by flames, the heat addition is considered to be linearly

proportional to the temperature difference between flame and wall,

Another uncertainty in quantifying the thermal characteristics of
a fire 18 that of the flame temperature itself. There is large variation
in the background radiation temperature which is associated with any
flame. There 1s a é;;tial variation within the flame iiLseir and a
deercase in the mean temperature level as distance between the object
being heated and the flame periphery increases. One resolution of this
dilemma 1g to choose an effective flame temperature such that the radiation
from a black body at this temperature will provide a measured flux at
the surface of an object engulfed in flames. This measured flux is
typically(l) deduced from the thermal behavior of a solid sphere or
cylinder engulfed in the fire because the response of such geometries

is well known.

For our analysis, we will use a flame temperature of 900°C for
the fife which this propylene barge is exposed to. This agrees closely
with a standard LNG flame temperature of 1610°F (877°C). When the flame
at 900°C 1s radiating to the tank wall, it will radiate a flux in the
neighborhood of 30,000 Btu/hr ftz (9.46 w/cmz) for tank wall temperatures
below about 800°F (435°C). This flux of 30,000 Btu/hr ft2 is also a
standard figure which is used for the net flux transferred to an object
engulfed in flames. For that area of the barge which we designate as
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being exposed to fire, then, the background radiation source will yield
a uniform (over the area) incident flux of 9.46 w/cmz. Throughout the
fire exposure time, the sole transport mechanism will be thermal radiation.

2. Heat Transfer to Contents of Tank

There are several conceivable means of transferring heat from an
external fire to propylene in the tank, and each is governed, for the
most part, by the location of the flame relative to the tank. For

instance, the rate of heat transfer which we would expect from a flame

located above the barge is quite different, at least phenomenclogically,
from that due to a fire in the hold. fThe fundamental differences in

heat transfer rates, though, are governed by the local geometry and

may be described by two conditions: (1) the physical state of the

MMMMMMMMMMM; A

propylene adjacent to the wall; and (2) the orientation of the wall

=
c 3

with respect to the gravity vector. With this in mind, we proceed to i B
a description of some feasible situations. ; 'ég
= |

Thermal stratification will occur if the heat input to the propylene .;%

3

proceeds in the direction of the gravity gradient, i.e., from a flame

above to a tank wall below to a vapor at the top of the contents bulk.
Assuming that the tank wall and contents are initially at a uniform
temperature of 60°F (15.6°C) and a fire suddenly erupts above the tank,

we would witness the following (see Figure V-1). 1Initially, there would be
a rapid increase in the temperature of the outside surface of cthe wall
adjacent to the vapor as it attempted to come to thermal equilibrium with
the flame. Similarly, a radial thermal gradient would quickly establish in

2
3
=

E|

3
E

“

=
=
E

the wall at a rate governed by the thermal diffusivity of the steel.
Once this gpatial gradient is established, continuing heat transfer
to the wall would prompt a rise in the wall's temperature level as the
heat capacity of the steel absorbed some of the energy radiated by the
flame., The rising inside wall temperature would start a heat addition

to the propylene vapor adjacent to it by conduction and a radiative

il

transmigsion through the vapor to the liquid mass below. Any nonuniformi-

Once this process of heat addition to the contents has been established,

3
ties in heat flux at the wall-vapor interface would provoke motion in z
the vapor and enhance the conductive heat transfer wechanism with a bulk 2
fluld motion, i.e., convection, fg

the tank wall, vapor, and surface layer of the liquid would continue to rise
in temperature level with the bulk liquid's temperature remaining relatively
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FIGURE V-1 SCHEMATIC REPRESENTATION OF THE TWO FIRE %
SITUATIONS CONSIDERED IN THE ANALYSIS ;
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fixed. Because of the high metal thermal conductivity relative to that

of the vapor, the wall temperature at the top of the tank would progresaively
approach that of the flame, while there would be a gradient through the
vapor to a temperature at the liquid surface equal to the saturation
temperature at the tank pressure., Throughout all of this heat addition,

the large liquid mass in the tank would be almost totally unaffected

by the increase in temperature (and pressure, since the ullage volume

would remain nearly constant) of the vapor, Only a thin stratum atop
the liquid mass would be warmed enough to generate vapor. The ecircum-

ferential conduction through the tank wall to the deeper reaches of
the liquid bulk would not constitute a significant thermal path,

Eventually, the tank pressure would rise to the relief valve
setting and vapor would begin to flow vut of the tank through the
four relief valves. Flow thtough each valve would reach choke flow
conditions if the evaporation rate were high enough. The tank pressure
would then adjust, upward if necessary, to maintain flow through the

relief valves equal to the contents' evaporation rate.

Natural convection will provide the principal means of heat

transfer in a case where there is liquid in contact with the wall,

This would apply to any heat addition on the sides or bottom of the

tank as shown in the right half of Figure v-1, Because of buoyancy effects,
any heat transfer to the liquid will cause fluid motion along the inside
surface of the wall and an increased heat transfer coefficient over that

which could be expected for conduction alone.

. o it 3 i b

The temperature history of the tank wall when exposed to a fire
ég along the sides or bottom proceeds much like it does when exposed to a
: fire on top., Again, the temperature which the wall will assume as it
approaches the steady state is wholly determined by the heat tramsfer
coefficient on the inside of the wall. This film coefficient will
initially be that due to conduction alone. Once the buoyancy effects
are felt and motion 1is induced in the fluid, the film coefficient will

increase with increasing wall temperature until the onset of pool

boiling (bubble generation) at the inside surface of the wall. This
boiling regime may be inadequate to support the flux coming through =
the wall from the fire outside and will be supplanted by film boiling
in which a vapor layer is formed adjacent to the inside surface of the
wall.

G b s
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The boiling curve for propylene is shown in Figure V-2, Both
cutves for pool boiling and film boiling are derived from correlations
found in the literacuré(a’a’s’e) and applicable to organic liquids,
Superimposed upon the boiling curve is one relating the heat transfer
trom the external fire to the outside of the wall, The '"wall" tempera-
ture shown on the absclssa is that of the inside surface of the wall,
For an external flux of 30,000 Btu/hr ft2 or so, the gradient across the
wall is only 149°F (83°C). An error of this magnitude in the outside wall
temperature is minuscule in evaluating the radiative flux, The intersec-
tions of this external flux curve with the two boiling curves constitute
steady-state conditions in which the rate of heat addition to the wall

from the fire is equal to the removal rate due to bolling for the inside
surface,

Because of the manner in which the wall heat flux develops, the nucleate
boiling regime will be appropriate for the propylene tank. Since the flux
at the inside surface of the wall develops gradually from zero to about
30,000 Btu/hr—ftz, the wall superheat (Twall - Tsat) will also increase
from zero to a value which can sustain removal of the external flux sup-
plied by the fire, Film boiling will prevail only if the wall superheat
is reduced from a very high initial value or if the "burnout" condition is
reached in nucleate boiling. As indicated on Figure 3, burnout in nucleate

boiling in propylene doesn't occur until a flux of about 186,000 Btu/hr ft2

.

3. Pressure Rise

The rate of pressure rise in the tank may be determined from an energy
analysis of the tank contents. Prior to opening of the relief valve, the
contents may be modeled as a closed, single system. No work tramsfers or
mass would cross the system boundary and the heat transfer could be evaluated
from the discussion above. Similarly, once the relief valves open, the
analysis would proceed with the added consideration of a mass flow across
the system boundary. Since we can only keep track of total energy from a
thermodynamic analysis of the tank, we need to make some assumptions about
the actual processes which occur as a result of the heat addition. In the
case of heating from above the tank, we can reasonably assign the heat con-
ducted across the wall-vapor interface to the sensible heat of the vapor

and expect some vapor generation at the liquid interface due to a radiative
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component of the total heat flux into the tank, This process would comn-
tinue until the tank was empty, provided the tank structure is able to with-
stand pressure and high temperature.

For those situations in which we could expect a flte along the sides
or bottom of the tank, the distribution of energy within the contents could
be nicely bounded, even though quantifying the actual process would be ex-

tremely difficult. One extreme of this limit analysisg would be to adssume
that the liquid mass has a wholly passive role in the pressure rise save
as a source of vapor. We would allocate all of the heat flux across the
wall-vapor interface to generating vapor (latent heat) and raising the
vapor temperature of the film adjacent to the wall. Virtually none of the
total heat flux from the wall would manifest itself in an increasc in the
bulk liquid temperature. Accordingly, from the rate of vapor generation
within the tank, we could deduce a rate of pressure rise. This process
would continue until the tank was empty with appropriate modifications
being made in the heat transfer rates to account for the relative tank

areas which were in contact with vapor and with liquid as the tank emptied.

At the other extreme of the limit analysis, we would require the bulk
liquid to have an active participation in the heat addition to the tank.
We would simply require that the contents remain in the saturated state 1{
as the heat is added with the result that there would be a single uniform E
temperature throughout the tank contents. The pressure rise would be con-
siderably slower because the heat addition could only manifest its presence
in the sensible heat of the liquid.

4, Structural Analysis

The structural integrity of the tank which experiences a rapid pressure
rise due to exposure to a fire can be mitigated in two ways: (1) the pres-
sure rise is so severe and the relief valves are so inadequate that the
tank wull suress exceeds the tensile sirength of the material and a rup-
ture with associated fragmentation, etc., occurs; and (2) because of the
heat transfer limitations at the insjde surface of the wall, the wall tem-
perature tends to approach the flame temperature and undergoes a reduction
in tensile strength as a result of this. For large increases in wall tem-
perature, the tensile strength would plunmet severely, to nearly zero in
fact, if the melting temperature of the metal were reached. More modest
increases would induce creep in the wall material and make rupture a com-

plicated function of time, temperature, and strain rate.
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An accurate estimate of the tank's rupture potential would be a for-
midable task. Among the requirements for the analysis are: (1) time-
pressure history of contents, (2) detailed transient temperature distri-
bution in the tank wall, (3) a consideration of local geometry and any
penetrations,; and (4) procedures to simulate the elagtic=plastie behavior
of the tank.

For our purposes here we have chosen to consider onuly the gross tank
geometry and will consfider it to be a thick-walled cylinder closed at each
end, Using standard equations for the state of stress at a point in the
wall, we can calculate the various stress components which arise from in-
ternal pressure. From these stress components and a fracture criterion,
such as from the maximum shear stress :hebry, we can calculate the stress
condition which will cause local fracture in the tank wall. When the ten-
sile strength of the steel wall has fallen to this stress value because of

its temperature increase, we can conclude that a fracture will occur.

B. _Approach to Analysis

The principal parameters of interest in the analysis are the time wise
variations of the tank pressure and the tank wall temperature. In order
to calculate these values for given radiant heat flux and exposure area and
location of fire., governing equations are written down. These equations
together with the details of derivations are given in Appendix A. The equa-
tions essentially represent the relationships between energy input, mass
loss by ventlng through the vents, and the volume changes in liquid pro-

pylene and gaseous fraction, steel wall and propylene thermal properties,

The equations for the case of heat input into the ullage volume are
quite different from the case in which heat soaks into the liquid due to
a fire in the hold. Both these situations are analyzed. In the case of
the latter two extremes, conditions of heat soaking into the liquid-vapor
system are considered. These include a direct vapor path to the ullage
volume from the bolling sites at the tank bottom and the second case in
which the bubbles of pas agitate the liquid and keep the system in satura-

ted condition corresponding to the pressure existing at that ilnstant.

The derivations of the governing equations are tediocus and involved.
Hence, they are given in a separate Appendix I. The thermodynamic
properties of propylene are glven in Appendix J, and Appendix K
contains the structural analysis of the shell wall. Only results

ara discussed below.
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DISCUSSION

A. Heating from Above

“The analysis we profferad in the THEORETICAL DEVELOPMENT resulted in
a system of simultaneous differential equations in a single independent
variable, time. 'The system parameters of interest in this formulation
wete the tank-préésure, vépor volume fraction, mean vapor temperature,
and the temperatﬁres at the inside and outside of“tha wall, Initial con-

ditions chosen are as follows:

P 8.94 atm (saturation pressure of propylene at 60°F)

B 8%
T 288.8°K (60°F)
" . -]
rwi 288.8%K
T 288.8°K
wo
Implicit in this choice of initial conditions ‘7 our assumption that the

tank contents are saturated at 288.8°K (60°F) with an 8% ullage volume.
We further assume that at time zero there is a step increase in the heat
flux over the 150° arc between rain shields on the top of

the tank.

The results of the numerical integration are shown by the solid lines
in Figure V-3 for the period up to 30 minutes after ignition of the fuel
source around the tank top. Note that there 1s a rapid rise in tank

pressure up to the 18.7 (260 psig) relief valve setting,

The rapid rise (just over a minute) 1s to be expected in light of

the large surface area which is exposed to fire. The vapor (on the inner
gside of the tank wall) heats up very quickly and as a result is accompanied
by an equally rapid pressure rise. Note that the slopes of the curves for
the temperatures of the inside and outside surfaces of the wall are similar
for an elapsed time of a minute or less. Very quickly, though, the tempera-
ture at the inside of the wall levels off at around 335°K. This temperature
corresponds to a 16 %K (29°F) temperature differential between the wall and
the saturation temperature at the tank pressure of 18.7 atm (260 psig). At
this AT, a heat flux of 9.46 w/cm2 (30,000 Btu/hr-ftz) can be sustained by
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nucleate boiling. Even though the temperature at the inside surface
stabilizes very quickly, that of the outside surface continues to rise un-
til an 83 K temperature differentlal exists across the wall., Given a wall
thermal conductance of 0.113 Wem? =K, this AT will sustain the 9.46 w/cm
flux from the fire. At this point, perhaps six minutes after ignition, the
‘tank pressure and the temperature differentfal through the wall have reached

steady state conditions. The rate of boiloff of the 1liquid propylene is

aasily handled by the four relief valves on the tank., There is sufficient
flow area provided in the valves that the tank pressure need not rise ‘much

(about 0.1 atm) “sbove the rellef valve setting of 18.7 atm in ‘order to sus-

tain the boiloff in a choke flow condition.

With a steady state condition established in the tank wall and in the
pressure and temperature of the propylene contents, there results a grad-
ual increase in the vapor volume fraction as the liquid evaporates. The
rate at which this volume fraction increases, though, 1s decreasing with
increasing time. Tank geometry 1s responsible for this, since the princi-
pal component of heat transfer to the tank is due to boiling at the wall-
liquid interface above the raln shield (see Figure 1). As the liquid
level falls due to evaporation, and the vapor volume fraction increases,
the surface area which is wetted by this liquid will decrease until ulti-
mately the edge of the meniscus falls below the rain shield.

It would appear from a first glance at Figure V-3 that the tank wall
tenperature will never rise above 335°K on the inside so long s there is
liquid in contact with it. This is a plausible result for that part of the
wall which is actually wetted by the liquid because a large heat flux may
be sustained by small temperature differences in nucleate boiling. But
for that section of the wall which has vapor adjacent to it on the inside,
thig is Inconceivable. Even if there were a high velocity flow of vapor
over the underside of the tank top, 4 AT much:larger than 16°K or so would
be required to sustain a heat flux of 30,000 Btu/hr ftz. We conclude from
these results of the numerical integration that our model ig 1nadequate.

The error in our modelling of this heat addition from above the tank
is contained in the assumption that there are no circumferential gradients
in the tank wall., This enabled us to use a single node for the tank wall

and resulted in the dominance of the boiling heat transfer in determination
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of the wall temperature. A closer examination of the relative magnitudes
of the thermal conductance along the steel wall and that from the wall
across the bolling interface reveals that there is an extremely small
coupling through the steel wall. Because of this, the wetted section of
the wall and the section adjacent to vapor will respond independently of
éach other. B "

A revision of the analysis to include a two node model of the tank
wall above the rain shield resulted in far more plausible results for the
temgfrature excursion of the tank wall. For that portion which is in con-
'tact:ﬁifh iiquid..tﬁa solidrlines-onvFigure V-3 were in essence repeated
in this new solution. However, for the wall adjacent to the vapor, the
broken lines on Figure V-3 were the resulting l.o.pcrature excursions, Be-
cause of the extremely weak thermal coupling along the steel wall, the
(unwetted) top of the tank responds independently of the behavior of the
wetted portion of the wall., As a result, the wall adjacent to the propylene
vapor rises in temperature so as to come to radiative equilibrium with the
fire and the saturation temperature of the liquid surface. Steady state
radiative equilibrium will occur for a wall temperature in the vicinity of
1138°K (1588°F). As can be seen from Figure V-3, the wall is well on the way
to this temperatwre having risen to 900°K in 20 minutes after start of the
fire. Note that the profiles of the inside and outside surface temperatures
have begun to diverge in the 15 - 20 minute reglon. The profiles will ulti-
mately level off at a difference of 83°K just as the profiles for the wetted
wall do. The radial thermal conductance of the wall will pass 9.46 w/cm2
across a AT of B83°K, All this while, the tank pressure remains constant
at roughly 18.7 atm, the relief valve setting., What happens after the 20
minute point is immaterial as far as the exact wall temperatures are con-
cerned because at these clevated temperatures there is a sufficient re-
duction in the mechanical strength of the wall that yielding and even
fracture will likely occur. This ia discussed in greater detail in a later section.

B, Heating from Below

1. General
As we indicated in our discussion of the physical models which we chose
for this analysis, the reaction of the tank contents to a fire in the hold
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of the barge is difficult to quantify. Rather, it is far easier to bound
the extremes which can oeccur and infer from them that the actual physical
processes which occur will chart a course somewhere between these extremes.

Since we have assumed that the entlre lower half of the tank is expoased
to the fire, then we can anticipate nucleate boiling to occur along what-
ever portion is wetted by the liguid propylene. This wetted area that is
also exposed to the fire of course decreases for vapor volume fractions
greater than 0.5 as the meniscus falls below the horizontal centerline of

‘the tank. Vapor which is penerated as a result of the bofling will partially

condense in the liquid and partially rise along the wall to the vapor space
above the liquid. That vapor generated near the tank bottom will most likely
be condensed, while that which emerges farther up toward the horizontal
centerline will rise, due to buoyancy effects, into the vapor space above
the liquid. The relative fractloas which are recondensed or not will of
course have a dependence on the exact liquid level in the tank, too.

Rather than attempt to model this process, we have chosen to observe
the extremes. One of these would be the case where none of the vapor con-
densed and ail of it rose to the vapor space above. In this situation, the
liquid bulk would be wholly passive, save as a source of liquid to evaporate,
and its thermodynamic properties would remain constant in time. The other
case considers total recondensation of vapor with the result that the
liquid graduaily warms up. In this process, the liquid would remain satura-
ted and in equilibrium with the vapor above throughout the heating from
below. Consequently, the properties of the liquid would have a time depen-
dence as long as the tank pressure was changing. The actual rate of pres-
sure rise which will occur when a propylene tank i1s exposed to a fire from
below will lie somewhere between those predicted by these two models.

2. Contents Stratified

When we formulated a model for the pressure rise, etc. in the tank,
the vapor and liquid were consldered to be separate systems with only a
mass exchange connecting them at each instant in time, the vapor

generated at the wall was added to the vapor space and the liquid from
whence it came in turn deducted from the liquid mass. The transient which
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results from this analysis 18 ahown in Figure V-4 subject to the same initial
conditions we described in the previous discussion, 1.e.,

P 8.94 atm (saturation pressure at 60°F)
8 8%
T 288.8°K (60°F)

Tt 288.8°K
Two 2B8.8°K

From Figure V-4, we can see that the pressure rise in the tank is extremely
rapld, as might be expected, since whatever vapor is generated along the

underside of the tank rises directly to the vapor space above the liquid.
The tank pressure rises to relief valve setting of 18.7 atm in slightly over
: i one minute and subsequéntly proceeds to hover about the relief valve setting.
;{ . : Again, this is due to the adequacy of flow area in the four relief valves
& and our assumption that choke flow conditions pravail for any fractional

opening up to and including the full open condition,

E The temperature of the inside of the wall rises to 330 K in about one
minute at which point the steady state 1s established., In this steady state i
condition, a 16°K temperature differential between the 314 %K saturation :

temperature and the wall temperature will sustain a nucleate boiling flux
of 9.46 W/cmz. Note that the inside and outside wall surfaces have vir-
tually identicasl temperature rises for the first minute after the fire is -
ignited. This is due to the high boiling heat transfer coefficlent on the f
inside surface. With this low heat transfer impedance present on the in-
side wall, the wall i3 free to absorb much of the incoming flux in its
sensible heat. Once the AT between the liquid and the inside of the wall
is established, the inside wall temperature becomes fixed and the rise in

sensible heat of the wall manifests solely as an increase in the temperature

W
-

of the outside surface of the wall, This rise continues for about 10 min-
utes after ignition until a AT across the wall of 83°K is established. At
thia temperature differential, the wall can conduct the 9.46 W/cm2 from the

fire to the boiling interface in a steady state conditlon.

Once the steady state is established in the tank wall, all parameteré
of the system, save the vapor volume fraction, remain fixed in time. Only
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the vapor fraction changes as the tank gradually empties. When the meniscus
falls below the horizontal centerline of the tank, the rate of increase of
the vapor fraction will slow down due to the reductidn in wetted area on
the bottom of the tank. As long as the wetted interface provides a thermal
sink for the incoming flux from the fire, the tank wall temperature will
tetain the same temperature level and gradient as the tank empties. The
tank 1s empty 101 minutes after the fire begins.

3. Contents Saturated

At the other extreme of the possible contents ilnteractions during
heating from below is that situation where the contents are always in a
saturated state. lhis would occur in the event that all of the vapor
generated at the boiling interface condensed in the liquid mass thereby
warming up the liquid, Above the liquid, the vapor would be kept in equi-
librium by evaporation at the vapor-liquid interface. It would be ex-
pected that the pressure rise be much slower than if the contents were
stratified simply because the heat addition to thé tank manifests itself
in a temperature rise of the large liguid mass rather than in the small
vapor mass atop the liquid. Figure V-5 shows the time behavior of the para-
meters of interest gubsequent to start of a fire underneath the tank.

There is a rapid initial rise only in the temperature at the nutside sur-
face of the tank wall., The inside surface temperature hardly moves, as

does the tank pressure. This may be explained by the fact that we have
assumed the heat transfer resilstance between the inside surface of the wall
and the liquid to be negligible. Furthermore, since the liquid mass is
considered homogeneous in the analysis, the temperature at the interface
with the wall is identical to that at the center of the tank. Since the
liquid mass 1s so large, any heat addition through the wall will result in
an almost imperceptible temperature rise in the liquid. The liquid tempera-
ture is coupled to its vapor pressure at saturation; hence, the slow pres-

sure rise.

A rapid rise in the temperature at the outside surface of the wall is
necessitated by tha inside surface's temperature being pegged at 16°K above
the saturation temperature of the contents. The incoming flux is then par-
tially absorbed in the sensible heat of the wall as the outside wall
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temperature rises and establishes a radial thermal gradient in the wall,
Once this pradient is sufficient to conduct the incoming flux from the
fire to the liquid in the steady state,'the relative changes in the two
temperatures ceases at a differential of 83°K., Given the wall conductance
of 0,113 W/:mzaﬂ. this AT is sufficient to conduct the 9.46 W/cm2 (30,000
Btu/hr ftz) from the fire to the contents. Only the temperature level
éhanges after this point.

Changes in the wall's temperature level is manjifested by the rapid
pressure rise which begins about 6 minutes after start of the fire. At
this point, the radial thermal gradient in the wall has reached its steady
state value, Consequently, the entire flux from the fire must now be
absorbed by the liquid with a concomitant rise in the tank pressure.
From Figure V-5, 1t can be seen that the temperature level in the wall
and the tank pressure rise rapidly during the period between 6 and 19
minutes after start of the fire. All this while, the liquid density
is gradually decreasing as its saturation temperature rises., At the 19
minute point, the liquid density has decreased by 8% so that the ullage
volume has been absorbed and the tank goes liquid full. Once the tank
is liquid full, of course, the limited compressibility of the liquid

effects an almost instantaneous pressure rise to the relief valve setting.

At the relief valve setting, subcooled liquid flows through the ;;
relief valves with a negligible pressure drop as the liquid density :
continues to decrease in deference to the heat addition along the
tank's bottom. This liquid relief takes place during tﬁe 19-30 minute
period following start of the fire. After 30 minutes, the liquid
density has decreased to that of the saturated liquid at 18,7 atm. 4
and vapor relief begins to offset the increased pressure drop through _ L}
the relief valves, S

Vapor continues to flow through the relief valves at a constant

rate during the period between 30 and 57 minutes after ignition as

the vapor volume fraction increases from zero to 0.5. The constant
evaporation rate is due to the constant heat addition rate along the
bottom of the tank. When the volume fraction reaches 0.5, the meniscus ;
coincides with the horizontal centerline of the tank. Beyond this E
point, a falling liquid level results in a reduced wetted area on the 3
bottom'of the tank. Since the heat transfer to the vapor is negligible 7
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compared to that transferred via bolling, the rate of increase of the
vapor volume fraction falls off gradually until the tank empties, 101
minutes after the start of the fire. Just as in the case where the
contents were censidered to be stratified during heating from below,
the maximum tank pressure hovers very near the relief valve setting
of 18.7 atm, Similarly, the maximum surface temperatures in the wall

are 330°K (134°F) and 413°K (283°F) at the inside and outside, respec-
tively,

4, Rupture of the Tank Wall

As noted in our discussion of the physical models chosen for this
analysis, we intend to predict a rupture of the tank wall from either
the maximum shear stress fallure criterion or from the maximum distor-
tion energy criterion. Tank pressure is used to caleculate the stresses
in the wall as a function of time and the temperature of the wall
is used to evaluate the tensile strength. Since the analysis allows
for a radial temperature gradiént in the wall, the stress and tensile
strength must both be evaluated at a particular point in the wall,

Our results show that the maximum tank pressure hovers near the
relief valve setting (260 psig) because of the adequacy of the relief
valves; the appropriate internal pressure is 260 psig. Using the
standard formulae for stresses ln a thick-walled cylinder, we calculate
the following stresses.

Inside Radius Qutside Radius
o -260 psi (compressive) 0 pedi
9q 15471 psi ' 15211 psi
g, 7606 psi 7606 psi

1f these stresses are translated into the two failure criteria which we
discussed, we get the following failure stresses.

Maximum Distortion Energy Theory Maximum Shear Stress Theory

Al

Inside Radius 13623 psi 15731 psi
Outside Radius 13173 psi 15211 psi

The implication of the values of a failure stress is simply that local
fracture will commence once the tensile stirength of the wall has fallen

)
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to the failure stress. Note that there is a slight discrepancy in the
failure stress at the inside and outside radii due to the radial stress
gradient in the wall. The discrepancy is small because the tank has

a stall wall thickness=to-radius ratio.

Examination of the fallure stresses predicted by our two chosen
theories shows the maximum shear stresgs criterion to predict failure
at a 15% higher stress than the maximum distortion energy theory. The
literature (see Reference 15) has alluded to this variance in the two
theories and further contends that the maximum distortion energy theory
is more accurate in predicting the onset of yielding in a material. The
implications for prediction of ductile fracture are less clear, but we
chooge here to invoke the maximum distortion energy criterion in our
prediction of a rupture in the tank wall.

From the time-temperature histories of the iuside and outside
surfaces of the wall and the variation of the tensile strength with

temperature (see Reference 16), we can construct a time-tensile strength
curve for the tank wall. When the tensile strength falls to the predicted

failure stress, we can conclude that a rupture in the tank wall will occur.

t The maximum state of stress in the wall exists during that time
when the tank pressure is 260 psig. As we can see from Figures V-4 and V-5,

;" f the pressure transients in the tanks are quite rapid and rise to relief

valve setting in a maximum time of less than 20 minutes, During this
pressure transient, the thermal transient in the wall proceédé at a

far slower rate. The discrepancy in the rise times of these two para-

meters is due to the liquid in contact with the wall. Since the boiling

heat transfer is capable of transferring the flux from the fire to the

YIS 4o

1iquid at the relatively small temperature difference of 16°K (29°F),

Ei the inside surface of the wall never rises to more than 16°K above

RISy e

the saturation temperature at the tank pressure. For a maximum tank

pressure of about 260 psig, this corresponds to an inside wall tempera-
ture of 335°K (144°F). At this temperature, there is virtually no

degradation in the tensile strength of the steel wall. Then so long
as the inside surface of the wall is wetted, the high heat fluxes into
the liquid mass (which result from nucleate boiling) remove incoming

heat from the fire and maintain the wall temperature at an acceptably

e
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?l low level. So long as the liquid surface is above the horizontal center~
' line of the tank and only that part below this venterline is exposed to
fire, the integrity of the tank wall is assured. Should the liquid
level fall to the extent that some of the wall exposed to flame suddenly

has only vapor on the ingside surface, then the heat removal mechanism
on the inside will be much mitigated and the wall temperaturc will begin
to rise.

St e S S

For the case where the propylene tank is heated from above, the
-varied behavior of wetted and unwetted walls is quite pronounced.

Sy DEEASEL .,

It can be seen in Figure V-3 that the temperature of the inside surface
ﬁ_ é ‘ of the wall which is wetted rises to the 355°K, which is characteristic

of a wall in contact with Boiling propylene. This is due to the presence
of liquid in the tank above the level of the rain shield as is shown
in Figure V<1, However, for that portion of the tank wall which

has vapor adjacent to it, the temperature at the inside surface rises
to over 900°K in about 20 minutes ag ghown by the broken line in Figure
5 V-3. Note that the temperature at the out:lde surface follows a simi-

lar excursion In time at a slightly higher temperature. At elevated

temperature such as this, the tensile strength of the steel wall does

undergo a drastic reduction. Since the inside surface of the wall is

in radiative equilibrium with the fire and the saturated liquid when
the wall temperature is 1138°K (1588°F), it 1is appropriate to examine

the tensile strength at this temperature. An examination of the tensile

strength of wild steel at 1138°K shows it to be virtually zero (see
‘Reference 16). We can conclude that the wall will undergo ductile frac- i

ture at some time during its temperature excursion.

From the temperature history of the wall as shown in Figure V-3 and

the temperature deben@ence of the tensile strength of mild steel,

we can construct a tensile strength history for the inside of the wall
as shown in Figure V-6. The anomalous behavior of the curve in the 0-5
minute area is due to an anomaly in temperature dependence of the tensile f}
strength. As can be seen from Figure V-3, there is a smooth and continuous ’

increase in the wall temperature during this period.

There are two curves for the tensile strength of the wall shown

LRI,

on Figure V-6. They apply to the inside and outside suirfaces and are y?

shifted in time because the temperature at the outside surface is always
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slightly higher (see Figure V~3) than at the inside. Because the failure
stresdes at the inside and outside radii of the wall differ by only 3%,

a single curve ig shown on Figure V-6. When the tensile strength of the
wall at its outside surface falls to 13173 psi at approximately 17 minutes
after start of the firae, the tank wall ruptures.

ONCLUSIGNS

In this study, an effort has been made to quantify the hazard
represented by the flame engulfment of a propylene transport barge.

- Of interest in this regard are the nature of potential hazards and =

the time elements involved in avoiding or cdounteracting them.

The cargo barge studied is modeled after a typical barge
built by Bethlehem Steel and used by Union Carbide Corporation. It is
designed for the transport of a pressurized, uninsulated cargo. The
barge carrles three identical cylindrical propylene tanks, each with
dimensions of 14.75 feet in diameter by 193.5 feet in length with a 1.5
inch thick steel wall, Each tank is provided with four safety relief
valves set at 260 psig and having a total flow ares (for the four) of
0.567 ftz. The tanks are wounted on saddles in the hull, and the hold
is closed to the elements Sy A rain shield between tanks at approximately

the level of their horizontal centerlines.

Two scenarios of fire exposure have been analyzed, The first
includes exposure of the top of the tank above the rain shield along its

entire length; the second considers flame exposure on the underside of
the tank below its horizontal centerline over the whole length of the

tank. Irradiation by the fire is characterized as a uniform constant
heat flux to the exposed area of 30,000 Btu/hr ftz.

Physical modeling of the propylene contents' reaction to the fire
exposure is as follows. In the case where the top of the tank 1is exposed
to fire, the contents of the tank are agssumed to remaiun thermally strati-
fied. Most of the heat input to the tank is mauifested by a rise in the
tank wall temperature aud in the vapor temperature in the ullage space.
When the bottom of the tank is exposed to a fire, the contents' reaction
is considered to lie between two limiting cases of (1) saturated contents

at all times during the heat addition so that the vapor and liquid are in
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which is exposed to a flame. If the propylene is liquid, the temperature

' 30,000 Btu/hr £t2 to be sustained by less than a 30°F elevation of the

thermal equilibrium, and (2) thermsl stratification in which the vapor
generated by bolling at the tank wall rises directly to the vapor space
with no recondensation in the liquid bulk.

In the two exemples of fire exposure which are cansidered.'the
relief valves on the tank are adequate to limit the pressure excursion
of the contents. The tank pressure rises only 3 or 4 psi above the
relief valve setting as the boiloff is vented to the atmosphera. Maximum
temperatures which the tank wall wiil reach are almost wholly determined
by the physical state of propylene on the inside of the wall section

excursion of the wall is moderate because nucleate boiling of propylene
at the inside wall surface can sustain very large heat fluxes with a
relatively small degree of wall superheat. It 1s typical for a flux of

wall temperature above the propylene saturation temperature at tank
pressure. On the other hand, if propylene vapor is adjacent to the wall
on the inside, the tank wall temperature will rise until the wall is in
radiative equilibrium with the fire and a therwal sink represented by
the liquid surface inside the tank.

When there is a fire above the tank, the tank wall will rise to
1160°F within 20 minutes of the start of the fire. At this point,
the tensile strength of the wall is sufficiently mitigated by the tem-
perature rise that the tank wall ruptures. In the case of fire exposure
of the bottom of the tank, the tank wall does not exceed 290°F as long
as the inside of the wall is wetted by propylene. This benign situation
will exist until the liquid leval in the tank falls (due to contents
evaporation) sufficiently to permit vapor to contact a portion of the
wall which is exposed t¢ filre on the outside. Once this happens,
the tank wall will behave as it did in the case where the fire exposure
was from above the tank; namely, the wall temperature will rise rapidly
and rupture will ensue., It would take a minimum of 50 minutes for the
liquid level in the tank considered here to fall to the half-filled level.
This 50 minute estimate of course assumes that the entire underside
of the tank below the horizontal centerline and along its entire leagth
is exposed to the flame.
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The study discussed here is useful as a qualitative index of the
hazard represented by the exposure of a propylene berge to fire, In
order to obtain some quantitetive infermetion. hewever, 1t was necessary
to make many agsumptions rbout the physical proceasaes aeeurring during

" the fire exposure, Naturally, we chose the severest of conditions which

could be imposed within the limits of our modeling and as a result. feel
that our results are ‘more drastic than would likely occur in a fire.

v Thie should not imply, though ‘that motre detailed modeling would not

reveal even more dangerous circumgtances during the fire cxposure of

the. barge. Unfortunately, the complexities of ‘more rigorous. modeling are

usually manifested in increasingly costly and complicated eolution tech-

niques. We feel that for the expense and effort involved, i1t would be fax
simpler to conduct 4 test program with a scale model of u propylene barge.
If properly done, such a program could yield some exttemely useful informa-
tion about the behavior of a propylene tank in a fire. The test data.
would be particularly revealing as to pressure rise times and failure
modes in the event of a rupture. Civen the availability of such data,
current models could be validated and improved, 1if necessary.




APPENDIX I

DERIVATION OF GOVERNING EQUATIONS

1, Heating ffom Above

Wa consider here the situation in which the fire is logated above

H;he propylene tank and consequently heats the tank wall above the'vapor

space. In modeling this condition, we will assume that there is a
uniform flux over the exposed top surface of the tank for the 150°

- are batween rain shielde (sae Figure 1). 3since these tanks are typieally o _y_wj_vl
‘1lled to an 82 ullage volume, part of the exposed section of the tank o

will be in contact with vapor and part with liquid. Once evaporation
of the liquid has taken place to the point that the liquid level falls
below the rain shield, the vapor alone will be in contact with the tank

- sutface which 1is exposed to the fire.

Our assumption of a uniform flux into the tank wall will dictate
that the vapor between liquid and tank top will tend to stratify. Any
nonuniform heat addition to the tank top will result in density gradients
on the inside and an induced fluid motinn. Similarly, the curvature of
the tank surface itself will give rise to buoyancy effec¢ts when the
vaper near the meniscus 1s heated, thereby tending to rise along the
inside of the wall. We have chosen to ignore any augmentation of heat
transfer to the vapor as a result of these effects. The reason for this
is that in the uabsence of thig flaid motion, the thermal resistance on
the inside of the wall will be higher and the wall will come to equilibrium
at a temperature closer to that of the flame., This higher wall temperature
will result in a greater reductilon in the tensile strength of the wall,
with a correspondingly conservative estimate of the hazard posed by
heating in this manner.

The vapor and liquid are considered as separate thermodynamic
systems with components of the total heat transfer to the system allo-
cated to each. To the liquid, heat is transferred via radiation from
the inside surface of the wall to the surface of the liquid which has a
temperature equal to the saturation temperature of heat to the liquid
which wets the tank wall above the rain shield. The vapor which is
assumed trangparent to the thermal radiation emitted by the inside
surface of the wall is heated golely by conduction from the wall.
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To quantify the heat transfer to the liquid, we first define an angle
¢ (see Figure 1) to be the arc between the vertical centerline of the tank
and the edge of the meniscus, If L, 1s the tank length and T,, the inside
wall temperature, then heat transfer to the 1iquid due to radiation from
the lnside of the tank wall may be expressed as

. 3 = [ =7 4' 4‘ | |
Qrad:ZfQLt 5'"?50-(7;1'7;)_ _ )

where we have assumed the emisaivity—view factor product to be unity.

The saturation nemperature at the tank pressure, Tsa y 18 used as the

low temperature sink because of the two-phase equilibrium condition
which exists at the surface.

There 1s an additional contribution to heat transfer to the
liquid while the liquid level is above the rain shield. For $ angles
less then 75° (1.309 radian), nucleate boilling will take place where
the liquid contacts the wall. Heat transfer to the liquid may be
expressed as

Gy =254 (1302-9)9 o

where q is the heat flux (W/cmz) which may be calculated from a

boiling heat transfer correlation. This 1s expressed as<5’6)

A AI - B 2.89
. {j ) Lo (lr
g (3.25x10 p ) (3)
B t
These two contributions then make up the total heat transfer to the
liquid, i.e.,

. . )]
by N I t
Qz X rad Qh (4)

From the conductance of the wall, Kw' and the temperature difference
across the wall, Two - Twi’ we can calculate the total heat coming
through the wall from the fire. Since we have already formulated the
heat transfer to the liquid contents, that to the vapor is simply the

difference, i.e.,

Q, * KA (T,.-T.. ) - dg (5




where Aw is the tank area which is exposed to the fire. 1In this case,
: the 150° are between rain shields is considered to be exposed to a uniform
. £lux of 9.46W /cm” (30,000 Bru/hr ftz). The exact mechanism by which
this heat is transferred to thefv;par is difficult to evaluate. The
g heat ﬁill obviously be condutted into the vapor in contact with the wall.
; Distribution of this heat in the vapor will likely be enhanced by some -
2 bulk fluid motion in the vapor, but the analysis of that motion is
? difficult to do. It will suffice here merely to let the vapor absorb

) that fraction of the incoming heat which we cannot allocate directly to
; the liquid.

When considering the energy equations for the tank contents, we
write separate equations for the liquid and vapor with the associated
heat transfer of each. The interaction between the two systems is

x 1 % taken care of by mass crogsing from one to the other as the liquid
L : *
*?=E ; evaporates. The energy equation for the vapor may be written as
S :
i

i : ot v v in out
- which is the equation for an open system with no work transfers crossing
the system bhoundary. The mass leaving the system 1is that through the

relief valves, and the enthalpy is simply the average vapor enthalpy,
il.e.,

n . : r;f) 4 2 );] l’l I '
5 { | lut out " "

For the mags flux into the system, we note the evaporation taking
place at the surface of the liquid where

(ih) = m b, (8
in

n

%L ; The enthalpy of the mass entering the system is that of saturated vapor
at the system pressure, hg. We can now expand (6) in terms of the intensive
tliermodynamic properties of the system to yield

~

'..}\ i(’;’;f ";"outKhv - Py, ) i mv[(égv)’)-i— R (?ﬁvl, b -, &

4 Q) & p (2 ] o= h
S “P<6T)PT ¢ B_P)'zp Syt Mg T Mot Y
*Refer to “"Thermodynamics," J. H. Keenan, p. 33, MIT Press, 1970.

(9
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vhere the ovéfdatted aymbols designate time derivatives 6f temperature
and pressure, T and P respectively. For the enthalpy derivatives, note

that
(Bh,, ce
3T le=cp

and for the superheated vapor,

' (%%;)T':;C3

If substitutions are made in (9) and terms are rearranged we will
arrive at the following expression.

| : , TR
{-ﬁa;h (hva A, -hﬂ) TN Pv,,] + M, {(P - P(S“T)p]T (98)

Cm o p2E) ] - 4

The energy equation for the liquid yields

Qt (’"z.un) = Q Qg = Mg hﬂ (10)
in which the last term on the right is the same as that expressed in
(9). Because the dominant heat transfer to the liquid occure only at
its surface and because this heat addition will result largely in
evaporation and not in conduction into the liquid muss, we will hold
the bulk liquid temperature constant in time. This would correspond
to a specific energy corresponding to that of saturated liquid at 60°F.
Hence, when we expand the energy equation for the liquid, we get

iy = Qg * Qp =,

which may be solved directly for the evaporation rate of the liquid.
Py [l
. . de"Qb
m =-m =

" [ -
”3 d,

(11)

>
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Flow through the relief valve may be approximated by that of one
dimensional isentropile flow of a perfact gas. The frictional effects
which give rise to irreversibilities in nozzles are small for short
lengths with the result that the nozzle efficiencies are 98% to 99%
of ideal. We will assume that choke-flow conditions will obtain in
the relief valve for whatever fraction of full-flow area is dictated by
system pregsure. The rellef valves on a typical propylene tank are
set at 18.7 atm. (260 psig) and achieve full flow area at 107 over set
pressure (20.5 atm., or 286 psig). Assuming that the valve opens with
a first order lag, the flow area of the four valves is given by

A.{ er[\ ~ exp (&%‘;)] | | (12)

where AP is pregsure difference across the valve in atmospheres, Ao

is the total flow area of the four valves in their full open position,
527 cm® (0.567 ££2), and the term 0.44 in the argument of the exponen=
tial is one quarter of the AP required to open the valve fully., When
the pressure has risen to 10% over set pressure (AP = 1.77 atm), the
exponential will decay to 27%. At this point, 98% of the full flow
area will be operable.

To relate the flow which may be achieved at choke conditions at

each flow area, we can invoke the choke flow condition (see Reference

8), i.e., T
. | Fa
m
ot l( - 2 (13)
Ag R\ ¥+ T

where mouc’ P, and T are the same as in (9), v is the ratio of specifie
heats of the vapor, and R is the gas constant for propyleune.

All that remains now 1s that we write the energy equation for the
tank wall, Because of the low circumferential thermal conductance in
the wall relative to the radial path, we will consider the tank wall
above the rain shield to be thermally isolated from its continuation

et




below the rain shield. Accordingly, for the 150* are of wall, we can
: ‘ write 4 )

ML i . 7, . . . :

S %’ (Tul *T\.po) =0 (‘[ ame ‘TW)' Ku Two"ni)(u)
where %wo and %wi are the time rates of change of the surface tempera-
tures at the outside and inside of the wall, reaspéctively. The terms
Cw and Kw are in order the heat capacitance and thermal conductance

; W/em?-K) for a unit area of the 150° segment of the wall., Note that

l we view the wall above the rain shield as having no circumferential

§ i thermal gradients, merely a radial gradient between the two surfaces.,
ff' f (This assertion is awmended in the DISCUSSION.) Furchermore, this

i * radial thermal gradient is adsumed to be linear as is evidenced by the
expressions in (14) for the rate of change of internal energy of the
wall and for the heat conducted through it.

We now have succeeded in obtaining equations which quantify the
thermal behavior of the tank during heating from above the rain shield.
The unknowns are the time derivatives of vapor temperature and pressure,
mass of vapor in the ullage space, and the time derivatives of the
- inside aud outside surface temperatures of the wall -« five unknowns.

; To solve for them, we have two equationms: (9a) and (14).

e T
el el

L T LR

One additional equation is availlable 1if we assume that the mean

vapor temperature T 1s the average of the saturatlon temperature at the
liquid surface and the surface temperasture of the inside of the wall,
Stating this more explicitly, we get

or

' (15)

235

sl




i

YRS T

’ Aﬁ Another equation is available to us and is related to volume conserva-
: r tion within the tank. If the tank volume is constant in time, then
; Q V-e. AL A constant (16)

: which simply states that the sum of volumes occupled by both the liquid
and vapor is constrained to a fixed total. Recalling tiat we are

' assuming the bulk liquid properties to be constant in time, we may
differentiate (16) to obtain

AP P Ut

/ ow) + ( NS N v : O

mv{(ﬁ p T Hple P[HM W Y, (16a)

i

' Now define a vapor volume fraction, B, such that 4 ;;
= iE
‘ - @Vt 7 z
‘ | v Vo 17) )
!i If we recognize that m,Sm o - m and substitute (17) into (16a), i
we get
‘ ! . \ /D ) : OWY & . ‘
rh (_vav}-m vv*&(f-‘ﬁ Tt \4 W)TP’O :

We have now substituted the vapor volume fraction, B8, for the vapor
mags, . We need an expression for the time derivative of B and can
obtain it by differentiating (17) to get

. [y s (2 ¢

L , m, = :—ftz V,,@“‘ @ (#)PT ' ’6;)1":] (17a) ;

31 v
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- Recalling again that B, = m, =M, We may substitute in (17a) and
rearrange to get

P S F“/t<?.!>vv) ; ﬂ(@:_ ‘.“ (18)
(”’.-.,“Mmr)\(‘ @ V| v Tl t ‘Z‘)P,P

I e U RAE kB 20 B ol SR AR TSI ¢

Our system of governing equations, viz., (9a), (14), (15), (16b) and
(18) may now be expressed as

Fg + Fy T - FgP = Q ;

+T =F
wo

wi 1l . %
_ 1 » (19) )
= 1/2 Twi + Fz P ;

&) e 3.

g+ F, T+ F, P=0 § ;
Fg =8~ \ [F,T + F,P]

<[

Where the terms Fi through F9 are defined in Table 1. Note that the
term F1 indicates our choice of a constant radiative heat flux to the
exterior of the tank of 9.46 W/cm® (30,000 Btu/hr-ft2), &8

The result of this effort to here is that we now have five equations
which are linear in the time derivatlves of our five unknowns. These k
may be solved algebralcally to yleld a system of simultaneous differen~
tial equaiions. By rearranging the equations in (19), we obtain the
equations in (20),

5 Fa Fe ~ Q) - FoFy
FbFa + FSF7 (20)
- Q FSP - ?
3

SR e T e T

(= &%

6 E
7 .
1 . . n
= Fy + 5 (F,T + FP

9 V%

" 2(T - FZP)

™ .

3 .

W

wo " Tt " T ! :




’ TABLE 1 |
‘ Definition of terms in the equations on Page App. I-8a
; . , i
Fl : Zé:, [9-46“%:“2 - Kw (Tw‘Tm')] /Sé’d
1(4%) K fatm
v 2\dPlat
t . em®]
P | Fa & " VV-V’-) = Mot W /Se‘
-4 Fo s R (&
‘ .. . B [ow ‘ms/&fm
FS v, “oPf ﬁ/
i f T /e
) . - - oy Pv seq
‘ F‘G =m (hv va hﬂ ) * mout v
— \ [(_ F’(Q.".Y} 1 T/
i T v L°f ol Je
. .
- \lt‘ w @!.! M
Fe z @;: v, +} ( P
. ‘ VV . eL-'
¢ F, = (M = ¢ —— 5
3 9 ( in ou ) Vt
3
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: This syatem of simultaneous differential equations in the single
. independent variable, time, may be numerically integrated via any one of

the standard programs which handle "state equation" formulations for

systems,

s
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2, Heatinpg from Below

A posaible occurrence in the collision of a propylene barge with
another vessel would be that a fire might develop in the hold of the
barge itself. In such a situation, the propylene cargo tank would be

heated from below so that at least initially the wall being heated would ,g
be in contact with liquid on the inside. An evaluation of the hazard lé
posed by the response of the propylene to this heat addition proceeds é
very much as it did when it was assumed that the top of the tank was ,é

3

exposed to fire. Equations need to be developed which will relate the
. pressure rise to the relief valve capacity and to the structural integ-
_ rity of the tank wall., To bound the problem, we will consider two extremcs
¥ in the behavior of the propylenc contents dutrlng external heating of
the tank:

1. All of the vapor generated at the wall-liquid interface
is transported directly to the vapor space above the liquid with none

of it being recondensed in the liquid. The liquid has a passive role,

save as a source of llquid which the incoming heat will vapotrize.

2. The vapor generated at the wall is all condensed in the liquid

so that the contents remain saturated throughout the heat addition.

g
i
1
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Styatified Contents

We have defined our problem here such that the incoming heat from
the fire generates vapor at the interface between wall and liquid and
i . the vapor then collects atop the liquid and contributes to a pressure
‘ rise in the tank,

The heat transfer regime which exists at the wall may be deduced
from an examination of the boiling curve for propylene (see Figure 3).
As was previously assumed, the fire is characterized by an external
black body radiation source at 900°C. 1If we assume that there is a

step change in the temperature of this source at time zero, then the
thermal diffusivity of the wall will mitigate this so that at the inside
i;ﬂ , " surface there is a gradually increasing heat fiux to the liquid. This

corresponds to following the boiling curve to the right, from lower wall
guperheat to higher, into the pocl boiling regime, and to increasingly
greater wall superheat until a steady state wall flux of about 30,000

TG TP T,

N

Bru/hr ft2 is achleved. From the curve, 1t can be seen that this

corresponds roughly to a wall supei heat of 30°F. This AT at the
L wall will be maintained throughout the heat addition until the tank

empties (through the relief valves) or ruptures.

b, The pool boiling of propylene may be quantified by a relaticnship
] of the following form (see References 5,6):

2.9
RFFSENAT
3 s)ieal [T
@ < (3,255 10% ) |5 an

where Re is a bubble Reynolds number defined to be

Q éL B
Ee z —-]--——-s-
av

The terms in (22) are as follows:

(22)

q = heat flux to Liquid(w/em?)

B o | e = Laplace reference length(cm)

) - latent heat(J/g)

% uC: liquid viscosity(g/cm-sec)
3 I¥
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In the expression for the LaPlace reference length, g is the gravitational
f; ‘ f acceleration, o, the surface tensiun of the liquid, Py and Py the
| saturated llquid and saturated vapor densities respectively,
In the analysis here it will be assumed that the lower half of the
i tank wall, along its entire length, will be exposed to the fire. The
o 5 product of the area wetted by the liquid in the tank and the heat flux .
. from the boiling correlation above will be the net heat transfer to
the tank's contents.

To relate the state of the propylene contants to the heat addition,
we first write the energy equation for the contents, i.e.,

B T LA IR

D( ) : Ch

= u z -

57 (M t "M Y Q=™ v (23)
where the enthalpy of the superheated vapor above the liquid mass is

2 _ associated with mass flow out of the tank. The left side of (23)

' may be expanded to yield

N 14 auv d . h
o, ¥ U,y = Qe Ry (24)

2 where the absence of a time derivative of the liquid specific energy

indicutes that we are holding it constant throughout the heat addition.

Conservation of mass within the control volume requires that

e

;. 2] - v E
o (MQ" My ) 2= Mot (25) E:
or :

R (26)

If (26) is substituted into (24) and terms are collected, the result is:

3 au . [ "
m, (.uv'uz) + my ‘j{v = Qp t Mot (4 hv) (27)

Noting that hv =u, + Pvy, we may expand (27) to yeilld

¢ M C) v wp H ¢
m, (h, - Py, —ue)+mv(%—f— S ) &y vy (ug-h,) (28)




From the chain rule we may write

ohy  [oh . ,ahy) 2
whgre
(th) 2 C
oT Ip P (30)

and fur the superheated vapor,

Dhy
(‘5?3 )T ~ 0 (31)

Substituting thesc eipressions into (28) and collecting terms will : ;tf

11
- 3 :
: glve us : > A b
3 . . 5 [OVy 5 (JVV ! 1
‘ Y;‘\J (hV - va _uﬁ) + T mV’“P "MVP<57T—)P]~ P{_mvp<5‘-,)7 HMV VvJ ' _\::‘
- : u - 32 E
= Qg (U h,) (32) :
We have an additional equation available from a requiremen:t that the ;

volume of the tank & constant throughout the heat addition.

V-t =mV, + VL = constunt (33) : ,_;»
E
Holding the specific energy of the liquid constant and differentiating -

?; (33) with respect to time, we get i
N } - .
; s ' \e \ : A
e ¢ - mv \ (DVV) . /L/uv . » < t : £
# m., = | Y == T H =% Pl+m . It

For flow through the relief valves, we will assume that choke flow
conditions exist, irrespective of the flow available. The valves E
3 begin to open when the set pressure is reached and allow full flow at : L
- 10% over set pressure. If we model the dynamics of the valve as a

b first order lag with a "time constant" of one quarter of the 10% over

pressure, then the area response of the valve is given by




}' In equation (35), AO is the full flow area of the four relief valves,
and Af is the flow area at pressure P. For P less than Pset' the flow
% area is zero,

Combining the area-pressure relationship with the expression for
maximum £low at choke conditiona, we get J

_ . ) _; . y s < _Ei : ' o
. AO | - oxp ,ﬁfliictla '”‘(““”’) _1F7: | i

Mot Dad 1| RV¥+ (36) o

LT

e 2T

where P 1s the tank pressure in atmospheres and T is the mean vapor
: temperature, i.e., T = 0.5 <Twi + Tsat)‘ Twi is the temperature of
the inside surface of the wall and 'I'sat is the saturation temperature

at the tank pressure.

M e e T e b DD

To evaluate the energy interactions of the wall, we will consider . f
a unit area. If the thermal gradient in the wall is linear, the ene:gy ;
equation for the wall yields
d - TutTe . T T )
L Wil wo . - K. (T =T
el e 9 w wo wi (37)
where Cw and Kw are respectively the thermal mass (J/K-cml) and thermal

conductance (W/cmz—x) of the steel wall, both assumed constant.

1f we now state explicitly what we have been assuming all along,
we define the mean vapor temperature to be the average of the iuside
surface temperature of the wall and the saturation temperature at tank
L pressure; namely,

or when differentiated with respect toc time,

. v a7 bl ) :
T s v g (B?)mi v 8

A look at equations 32, 34, 137, and 38 will reveal four equations which

are linear in the time derivatives of T, P, Tw T , ard - Equation

1* “wo

(36) may be used to define mo We need an additional equation in order
;J to have a complete system of equations for the five unknowns. This
additional relationship may be derived from equations (21) and (22)

which may be combined to yleld

i
R
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" If we arbitrsrily select a wall superheat of 1.0°K and plot the boiling

flux as a function of saturation temperature, Tsat’ we will obtain the
curve in Figure I-1 for propylene. A curve for a superheat of 16°K
(28,8°F) 1is also shown. In essence, then, we may express the boiling

flux as
2.89

where E(Tsat) is the curve for a superheat of 1.0°K, Assuming that
we can obtain an expression for E(T ). wve can equate the heat

flux leaving the wall on the 1naide to that passing through the wall
via the linear thermal gradient, i.e.,

Ko (Tuo~Tuwi) = 4

or
2.89

w CTWO'FEui) = Ei Cj;aT) (_ﬁvi 'ﬁT;at )

We may now differentiate (41) with respect to time and get (after

some wanipulation) ﬂ

» (.89 . dﬁg N
Kw(Two‘Twi) =é'1;‘_rsat) %.}_E fp (‘Kui‘ sdf) Ieat ¢ 89?“2&)]

.89 o
12, 89 5(7;&{) wi Sﬂ'f)

Collecting terms in equations 32, 34, 37, 38, and 42, and using rhe
expression in (36) for the mass flow out through the relief valves
will yield the following system of equations

m, H, + T, v P Hg = Hy

rhV;Hs"'r+H(,F‘°1 H4

_%bi *aﬁuo £ HB

a—

I 2“'2:[}“‘ YHQP

T -7;”- s HIOP + H“T\ui

wuo
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- (39)

(40)

(41)

\42)

(324)
(34a)
(37a)
(38a)

(42a)

:
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The groups of collected terms Hl through “10 are defined in Table 2.
Soma algebralc manipulation of these five equations will result in
explicit expreasions for the time derivative of each of the five

T o S TSy BT R

‘ variables in terms of the variables themselves and not of their
derivatives. For example
:. ’ Hs("hHsfo)
I" — 'H‘\‘ H‘, Hy 2(Hy+2)
: Hio (H Hg + He) (43)
: A H My Y H, Hy 4 H, - e tlS <
‘, Hy (Hy 4 Hy Hy Y4 HzHy ¢ Hy Z(H 1 2)
i . Hg Mo .
3 2(H12) 2 (Hyt2) |

Hg Ha

He W L]
v {b Z.(H“s‘z) 579 3(\4“*2) 1

3

"L: | d Ha - H|o (;

T,

we ty,+2

-
=
2

o S
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TABLE 2
DEFINITION OF TERMS IN EQUATION (43)

|

i
i ‘ H, 2 h - Pwo-yy ot T :T/? ; E
PR ~[ OV ‘
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In such a form, the five equations for each of the time derivatives
may be integruted in time via one of the standard computer programs for
solution of a state variable formulation of dynamic systems.

st i il

? One additional change might be added. If we want to nondimen=
sionalize the problem formulation so that the solution would not involve
extensive parameters of the tank and contents, it would be helpful to

define a vapor volume fraction, B, such that

Bl ot il i

& st

. br

S

il

my .
vV (45
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- Taking the time derivative of each side will yield

Ly 8% (2 5 g :

. . vV )

i (4 v, o \aTlpT T\3P h

: which may be included in the poverning equations of the system.

3 Contents Saturated During Heat Addition

5 :

= As we alluded to previously, the other limiting case for pressure i
rise in the tank when exposed to a fire on the bottom is that of 3

saturated contents during the heat addition. This restriction will
result in a slower pressure rise (than if the liquid and vapor are
stratified) because the large liquid mass may be used as sink for much
8 of the heat coming in through the wall. Hence, the heat addition will %
2 manifest itself largely as an increase in the liquid enthalpy (and i
temperature) rather than as the driving force for vaporization alome. !

The rate of heat addition may be expressed by the bolling correlation
ag was done in the previous section. Similar relationships will prevaill
among the inside and outside wall surface temperatures and the flux to
the tank contents. Only the energy allocation will be different in this

case where we require that the contents be saturated.

il
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We may express the energy equation for the propylene contents
of the tank as

where the subscripts f and g refer to the saturated liquid and vapor
respectively. This expression may be expanded to yield

”’,{ (h‘ -Pv{ )+ m{.(ﬁ’( "PC'{."V;{: ) + ”‘30;'3 'P\./j -Ujﬁ)

‘ y.nﬂ (hﬁ- Pvﬂ) : éb - Mo hﬂ (47)

Note that the intensitive properties of the liquid now have nonzerc
time derivative (time derivatives are indicated by an overdot),
indicating that we are no longer holding liquid properties constant
during the heat addition.

Because we are requiring the propylene contents remain in a
saturated state, the intensive properties are now functions of pressure
alone since the saturation temperature may not be varied independently
of the pressure. So, expanding (47) will give us

. dh ) dve » . .
m+ (h{‘PVf)”‘“FG-Pf P ‘Pj‘g PV P) . vnj (_hﬁ- Pv,d)

dh hd dV ‘4 ') R . .
+m3(dPP—Pa—gP-V3P “Qg"mouhg (48)
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Conservation of mass within the control volume may be expressed as

-t%(m(omﬂ) v = Wy

or

Py et - . B

-

Substituting (49) into (48) and collecting terms will give us
| s, (e . p A4 dhg _  du
’“ﬂ[hﬂ”hf 'F(Vﬂ'V{?L P[mf(dP“’a'ﬁ“"f)*”’s(dp (Dgg..vﬁ)

4 .
- - -, +Pv. ) 0)
Q, mm(hﬁ Yt Py (50)
Since the tank volume is constant during heat addition, we have

v{ N m\cv{ + mﬁvs

which when differentiated with respect to time yields
N o dv dV *
- o m =—£ J - m v S

Again define a vapor volume fraction, B, such that

mﬁ = &!t (52)

Y
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The corresponding liquid fraction is given by

Differentiating (52) with respect to time will give us

BY av g

. 3V, ~ e
s B W (5b)
3 y

Substituting the expressions in (52), (53), and (54) inte
(50) results in

b el - %"53!;@,-@ Ry -
*!"[V (‘F (a%{ \@)+%(j f‘.‘_’ﬂ S)J
- g (g -h ¢ Py, )

Now substitute the expression im (54) into (51) and collect
terms.

dae

(v, )¢ P[‘fid’ﬁ E!«( ) t%‘("a 4}]

(56)
s Yﬁ V.
out +
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Equations (55) and (56) together with formulation of heat
! transfer at the wall, previously expressed in ( ) and ( ), and the
‘ mass flow through the relief valve, equation ( ) will yield the
é following system of equations:
B :fx i [ [} -
R (_2,6, + PG, =Gg (55a)
SR L ;
SN Gy + PGs =& - (568)
‘ : "T'WO + Twi = He (378)
‘ . - N . ¢ !
v Twe = Twi = Hio P + Hi Twi (42a) g
o

The expressions for G1 through G6 may be found in Table 3;
those for HS’ P‘lO and H11 were previously defined in Table 2. Solving
for the time derivative of each variable explicitly, we get

GG
+ q - 4 3
P [ ———

- G
65 - (:462
(?) - .A...-...._C.;‘ A A (57>
-- Y __H&_,:J:‘J_Q,.é_
‘w: H,, ' 2
.%w.: = L'JM:»‘5 *(H“* ‘ \)Tm‘

o
[+
[ 4
ﬁ\
Y
o O
a0 M, o e

| - e : - . P . . . .
o A L el i it

This set of equations may be integrated in time by numerical
procedure simply by solving them in order:

13

P, 8, 1T T *
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TABLE 3
DEFINITION OF TERMS FOUND IN EQUATIONS (55a) AND (S56a)

G~73-“43 ,F'P(Vg Z

ezzﬁ%@(%“"%"") E‘L(dP g

e =Py {-’)]

@, * %3 (vﬂav\c)

Ve (-8) (dye\ . BV v Ve dv,
Gs m\_/; <dP)+ % (4: %f. T (vy-v¢ )
Gl(, y;qoui -|C

253




T

R L

APPENDIX J

THERMODYNAMIC AND TRANSPORT PROPERTIES OF PROPYLENE

The problem formulation for the pressure rise in a propylene barge
exposed to fire has been done in a format which will allow numerical

solution. This format is simply the "state equation" formulation where

- the pertinent system variables and their dynamic behavior are expressed

as a series of simultaneous first order differential equations. Time
is the independent variable. So, given a set of initial conditionms,
the differential equations may be integrated in time, using any one of
tita standard computer programs available.

In performing the numerical integrations, it is time-consuming if
the program is configured so that 1t must search tabular data for the
desired property values of propylene., It is far easier to use analyti-
cal correlations so that the physical property may always be evaluated
from a single equation, This latter ruute was chosen here ani required
a search of the literature for the properties and for whatever correla-
tions (equations of state, etc.) were available.

Thermodynamic properties of propylene are available in several
sources (References 9, 10, 11, and 12)., T¢ facilitate use in the
computer program we selected the specific heat relationship from
Reference 10. An equation of state for the superheated vapor was
obtained by truncating the P - v -~ T relationship of Reference 10 to
a van der Waals equation which can be inverted to yileld the specific
volume as a function of temperature and pressure.

i chis manner the volume may be calculated directly rather than
from an iteration which would be necessary with the longer equiation in
Reference 1. This latter equaticn is more accurate, of course, but
the truncated version is quite satisfactory ".ere.

Enthalpies of the superheated vapor are calculated from an inte-

gration along the apprepriate isobar from the saturation temperature
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to the superheated temperature, More apecifically; the integration
yields ' T
h,(.T,P):hﬂ(Tw.P)* ¢p (X) dx
4t
where x 18 a dummy variable. Using this method, and the specific heat
equation from Reference 1C, we can calculate enthalples of the super-
heated vapor to within 6% of the tabular values in Referemce 9.

Specific volumes and enthalpies along the saturation curve are
correlated by Chebyshev polynomial curve fits of the data in Reference
10. Equations for the viscosity and thermal conductivity of the vapor
are presented in References 13 and 14, respectively. Properties of
the liquid are taken from Reference 12 and include the surface tension
vigcosity, thermal conductivity, aud specific heat. The graphical
data for these liquid propertles are correlated by parabolic functions
of temperature over the range 0°C to 80°C which is adequate for

purposes here.
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APPENDIX K

STRUCTURAL ANALYSIS OF TANK WALL

The previous discussions have alluded to two different conditions
which would exist as far as heat transfer through the tank wall is
concerned. In one case the side of the wall opposite that exposed to
the fire is in contact with propylene vapor; the second case has the
wall wetted by liquid propylene. Heat is transferred away from the
wall strictly by conduction (since we have eliminated the presence of
any fluid movement in the analysis) in the former case and by nucleate
boiling heat transfer in the latter. Since the flux impinging on the
outsideiof the wall due to the fire is the same in bnth cases,

9.46 W/cm2 (30,000 Btu/hraftz) the wall temperature is wholly deter-
mined by the heat tiansfer potential on the inside surface. For a low
potential, as in the case where therc is vapor adjacent to the wall,
the wall will assume a temperature nearly equal to that of the flame
(900°C). On the other hand, since boiling is a very efficient means
of transferring heat over small temperature differences, the wall
temperature will be wmuch akin to the saturation temperature of the

propylene at the tank pressure.

Structural integrity of the tank wall will depend directly on two
parameters: the mechanical stress in the wall and the tensile strength
of the wall material. These in turn may be directly related to the
tank pressure aad wall temperature respectively. Unfortunately, estab-
lishing this relationship for a particular tank and fire conditiomn is
a formidable analytical problem. It would require a detailed tempera-
ture distribution in the wall, together with an elastic-plastic
structural analysis of the vessel, taking into account all the vagaries
of geometry, local penetrations, etc, That is quite beyond the inten-
tions of this study and, therefore, a far simpler approach is taken.

If we consider only the gross geometric characteristics of the
tank, then it can be modeled as a thick-walled elastic cylinder sub-

jected to internal pressure., The mechanical stresses which result
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n is the differential pressure acting on the tank wall o .

%
f R
A from this have three orthogonal components, radial, tangential, and é
, axial. Using the standard formulae for stresses in a thick-walled . %
o ? cylinder (Reference 15) we can calculate the magnitude of each com=. %
. : ponent as a function of the internal pressure in the tank. For an 'é
: % b © inside radius r, and an outside radius r_, the stressés at a radius- §
g - & n*') 2
B | T are given by ¢ =(P £%+,z?rl (1- %, ) 7
: Yor- 7L re . i
; SR )il L)) o
” : G =t (V-5 (59)
oo 2
E G, 2 (P» Pg+n> ﬁ',
; 2 2 .2
i ro -r;

A v whete P -~ Fap
< . (260 psi). Since there are no shear stresses associated with these

%,1 : ; three components, they are identically the principal stregges at a

é§> : point,
To relate these principal stresses to a rupture of the tank wall, qé

we will need to congider a failure criterioén. Many theories have been
developed for the failure of ductile materials under static loading. :

Usually, the failure mode of greatest concern is that of yielding, j
where the plastic deformation of the material reaches some arbitrary
limit. Another fallure, that of greatest incerest to us, 1s that of
fracture, where there is separafion of the material. 1In the case of
yielding, the "maximum distortion energy theory"(ls) has been found
to predict ductile vielding under combined loading with greater

_ . accuracy than any other recognized theory. For a given state of

f?f ; triaxial stress, this theory predicts that yielding will occur when

the following equation is satisfied: . d §
Az 2 2 1| !
gy - = [(cr,-cré) (G~ 0z) f(va-o‘,.) (60) ,3

;ii ‘ The term S here is the yield strength of the material as determined

g from thie uniaxial tension test.

Another classic failure criterion is the "maximum shear stress" P
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theory which, Qpplied to the thick-walled cylinder, states that yleld
will occur when the -maximup-shear stress in the material .is equal to
that determined from the uniaxial tension test. In the case of the
thick-walled cylinder, thils translates to the following,

2. 2 e
where Sy is again the yield strength of the materlal as determined
. from the uniaxial tension test. This criterion tends to be less ac-
curate than the maximum distortion energy theory with the error being
on the conservative side.

The prediction of fracture with these two theories may be done
simply by substituting the tensile strength of the material in place
of the yield strength above. Unforturately this fracture criterion
i3 not as accurate as the ylield criterion since both theories are
based on elastic behavior of the material, There is an arbitrarily
small (typlcally 2%) plastic strain associated with the definition
of ductile yield in a material, so the deviation from elastic behavior
is minimal. However, ductile fracture occurg after a considerable
amount of plastic strain has occurred, so the validity of elastic
theories is understandably mitigated in predicting this. Barring a
detailed elastic~plastic analysis of the tank wall, though, these
simple fracture criteria are the best methods available to us in pre-
dicting a rupture of the tank wall.
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NOMENCLATURE

b s b e L
. =

. 1 A Flow area iu relief valves (partially open), cm?
~; i Ao maximum flow area through relief valves, cm2
B é A, tank wall area exposed to fire, cm _
5 B Laplace reference length (defined in equation 23), cm
g' ¢, specific heat of vapor, J/g-X
§ cpz specific heat of liquid, J/g-K )
1 c, . thermal mass of tank wall, J/K-em® 7
o g gravitational acceleration, 980.665 cm/sec2
fff h specific enthalpy, J/g
'Efg { K, radial thermal conductance of tank wall, W/cm2=K
%@ % { Lt tank length, cm
;E.! m mass (propylene),g
P tank contents pressure, atm (sbsolute)
E; Pset relief valve setting, atm
f' Patm atmospheric pressure (1.0 atm)
;» q heat flux from fire, 9.46 wlcm2 (30,000 Btu/hr=ft2)
g éb bolling heat transfer, Watts 3
¢ QQ total heat transfer to liquid, Watts E

radiative heat {ransfer to liquid, Watts

]
a

total heat transfer to vapor, Watts

L

tank inside radius, cm

r

? Rt gas constant for propylene, 0.1977 J/g-K

? Re bubble Reynolds number (defined in equation 23), dimensionless

1 Su tensile strength of tanlt wall, psi
Sy yield strength of tamk wall, psi
T mean vapor temperature, K
Tcrit critical temperature of propylene, 364.92X
Tr reduced temperature (Tsat/Tcrit)’ dimensionless
Tsat saturation temperature of propylene, K
Twi temperature of inside surface of wall, K ;
Two temperature of outside surface of wall, K E
AT (Twi - Tsat) in equation 4, 22, 40 ' f
u specific internal energy, J/g :
Vt tank vulume, cm3 ;

:




Lt et st

T g

Subscripts

< = | ™

saturated liquid
saturated vapor
subcooled liquid

_superheated vapor

Greek Letters

a vt » < ®w

aQ Q

o}
N O "

o Q

fraction of tank volume occupied by vapor, dimensionless
ratio of speciiic‘heapa of propylene; dimensionless
latent heat of propylene, J/g

absolute viscosity, g/cm-sec

function defined in equation 40

Stefan - Boltszmann ccnstant, 5.669::10'"12 W/cm2=K4
surface :enaion'of-propylene, dynes/cm

radial stress in tank wall, psi

tangential stress in tank wall, psi

axial stress in tank wall, psi

angle between vertical centerline and edge of meniscus
(see Figure 1), radians
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CHAPTER VI

NS
ON_THE COOLING BY WATER_DELUGING OF A P
PROPYLENE BARGE_TANK_EXPOSED TO FIRE

OBJECTIVE |

The objective of the analysis presented here is to calculate the
rate at which water has to be applied to a propylene tank (on a barge)

exposed to a fire to cool the tank wall and thereby minimize the proba-
bility of explosion of the tauk.
INTRODUCTION LS
When a barge carrying liquid propylene gets involved in an accident ‘
with another ship or barge carrying a flammable cargo, there is a likeli-~ ' ;
hood of fire. The propylene tank, in such a case, may be exposed to the
fire. The consequences of such an exposure are the increase in the pres-
sure within the propylene tank and a loss of strength of the steel shell
due to excessive heating. The combination of these two may eventually
lead to tank rupture and explosilon., The problem of heating of the tank
exposed to fire has been analyzed previously, and an analytical means
exdsts now to predict, with some drgree of confidence, the time at which

the rupture of the tank is likely to occur,

Because of the potential hazards to life involved in the explogion
of a steel tank, the United States Coast Guard is interested in preventing
the possibility of such barge tank ruptures caused by exposure to external
fires. 1In the case of a propylene barge tank, the analysis indicates that
the primary cause of tank rupture is due to the loss of strength of steel
at high temperatures that result from fire exposure. Therefore, the
simplest way of reducing explosion possibility is to reduce the metal
tank wall temperature to a reasonably low level (say 300°F). This can
be achieved by deluging the tank wall surface with water so that the
wall temperature is never greater than the boiling temperature of water
or slightly above it. The analysis presented in this memorandum
indicates a method to calculate both the temperature history of the
wall when cooled by water and the minimum amount of water needed to

cool the tank wall to a low temperature level.
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Before considering the method of calculation shown below, it i1s
important to delineate its limitations. The method of calculation shown
é has assumed that the entire tank surface is deluged with water. Considering
é the physical situation of a fire around the barge and water jet being .

: squirted on the tanks from fire boats stationed anywhere from 300 to 1000
feet from the barge, it is hard to imagine that the entire tank surface

} E ?_ will be covered by a water film. Some of the vater droplets in the water

o jet may never reach the tank surface at all but may be carried up and

¥ awsy by the fire convection plume. Also, when a jet of water strikes

B} a curved surface (such as that of the cylindrical propylene tanks), a
large part of water may not spread uniformly on the wall surface but
may be deflected., Finally, if the fire is hidden under thick black

i : smoke (as in gasoline fires), it may not even be possible to locate

the tank on the barge properly to apply the water,

0f course, a proper water deluge system can be installed on the

tanks themselves (to cover the exposed tank surface with water £ilm),

il

This will involve the provigion of additional equipment such as pumps,
power supply, and activation circuitry, etc. Many barges do not have
any active machinery on board. In addition, in an accident, it is
very likely that (due to the very exposed nature of the plumbing), the
deluge system will be affected and may become ineffective, defeating

: f the very purpose of their installation. Therefore, there seems to be
' no guaranteed method by which the entire exposed surface of the tank

can be protected by water against overheating by fire,

it
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Finally, there are some questions about malking proper declsions
at the time of the accident. For example, if the tank has been exposed
to the fire for 10 minutes, when the predicted rupture time is 20 min-

utes, should a fire boat venture close to the disabled barge to squirt
water onto the tank surface to keep it cool? There is no precise and
- definitive answer simply because we do not know the area of the tank

‘ that can be cooled, whether there are any weak spots (structurally)

on the tank or whether quenching of hot steel by a cold jet of water g
may not induce some structural stresses and even fractures that may i
propagate, leading to tank failure. If, indeed, the water squirting

results in sudden quenching and consequent failure, the decision to

squirt water may accelerate the failure time. In fact, this may even
jeopardize the safety of the crew of the fire boat(s).
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It is therefore emphasized that the method indicated below is based
on certain idealistic assumptions simply with a view to obtaining an
order of magnitude estimate for the rate at which water has to be applied
to the tank to keep it from further heating. This number will be useful
in comparing with the capacity availatle on conventional fire boats
s0 that one can have on hand an information base before making a deci- ;
sion to commit a fire boat to combat the tank heating problem. The
method indicated should, therefore, be viewed as an ald toward decision

making. The procedure indicated does not provide a means of estimating
what might happen if, in fact, a fire boat is committed to fighting the :
fire and cooling the tank,

In Section 1, a simple method is developed to calculate the rate
of application of water so that the mass loss of water by evaporation ;
is made up by the incoming water. Boiling heat transfer data for ;
water is utilized. In Section 2, the cooling transient of the wall
metal is calculated to obtain the time within which the metal surface

cools to a given temperature level,

Tank and Other Data Used in the Calculations

Tank diameter (outer) = 15 feet
Length of cylindrical portion of tank = 193.5 feet
Shell wall thickness = 1.5 inches

Angular arc of the shell above the rain shield = 150°

K = Thermal conductivity of steel = 9,4 Btu/hr ft °R

¢, = Specific heat of steel = 0.12 Btu/lbm °R
p = Density of steel = 8,03 gm/cm3 f
Qo = Heat flux from fire = 30,000 B/hr ft?

A = Heat of vaporization of water = 1000 B/1lbm = 8340 B/gallon

- m °F
Twater Water temperature in the jet 60
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THEORETICAL DEVELOPMENT

Section 1: Caleulation of the Rate of_‘\gg_g.e_g___,np‘l,__cation Needed for
Tank Wall Cooling

Consider the situation 10 minutes* after éhé exposuéé to a fire.
a fire. It is seen from Figure V-3 (on the. analysis of
heating, release, and rupture of a pressurized propylene tank in a fire)
that after 10 minutes of heating from above (which is the more serious
sicuation), the tank wall temperatures efe .

Outer surface temperature (vapor phase vall) - 700°K

Inner surface temperature ‘ 51 - 660°K -

Hence, the initial temperature difference between the wall surface
temperature and the water boiling temperature (T ) is

AT - ) = 700 - 373 = 327°K

Cuary =

Refertring to the boiling heat flux vs. AT eirve for water (see Ref, 1,

page 370), 1t is seen that at this temperature difference film boiling
results.

The heat flux at this temperature difference is

q" = 0.27 ¢" = 1.03 x 10° B/hr £t
at 4T=327°K ‘ foL -

where q;ax = Peak heat flux (Ref. 2) = 3.8 x 105 Btu/hr £e

Assuming that the evaporation rate of water from this boiling
heat flux has to be supplied, we have

v'" @ Volume of water evaporated per unit area per unit time

. " 5 L o
v e L2 L3 xA0 L 15,30 gallons/hr £e2 = 0.21 gallons/min £t

8340
Total surface area of the tank above the rain shield = n x 15 x 193.5
1501,
360, = 3800 ft

Hence minimum rate of water application is = 3800 x (0,21 = 780 gpm

It is, however, seen that due to the cooling of the wall surface,
the temperature difference AT decreases, and in the transitional boiling

. )
Ten minutes 1is chosen only to illustrate the methodology. Any other
time could also have been chosen. However, the final conclusion seems

to be independent of this time chosen.
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region, the heat flux to water and therefore the evaporation rate,
increases. Hence, in order to obtain a conservative estimate of the
water requirement, we make the following assumptions:

@ Water applied should be able to absorb the peak heat flux
without leaving dry spots on the wall.

e Water should also absorb the heat flux from the fire.

.n' - q" "
ngsign qpeak + Uire

Hence;

- (3.8 x 10° + 0.3 x 10°) Btu/hr ft

= 4.1 x 10° B/hr ft>
Where the value for the peak heat flux Ls taken from Reference 2.

Hence the design water application rate:

." - 5 - ~ 2
vdesign 4.1 x 107/(8340 x 60) = 0.82 gal/ft” min.

Hence, Q = Total design application rate of water = 3800 x 0.82
= 3115 gal/min
It is indicated that in the above number, some conservativeness
is already built in. This is because we have estimated the heat flux
levels based on peak heat flux. During the continuous cooling of the
tank wall, the heat flux level first increases, reaches the peak value,

and then decreases. The average flux level is probably about 30% of
the peak value.

It is seen, therefore, that even the smallest of the fire boats
in service (with a capacity of 4000 gpm) should be sufficlent to cool
the tank walls provided an even distribution of water is achieved.
Hence, the problem of explosion prevention by water deluging using
fire boats 1s not limited by the fire boat capacity but rather by
the uncertainty in the even distribution of water on the tank.
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Section 2: Calculation of Temperature of the Tank Shell During the
Cooling Process i

Figure VI-1 shows the boiling curve for water. It 1s scen that when
watar at ambient temperature is applied on the tank wall surface at 700°K
(AT = 327°K) boiling takes place in the film boiling regime. Because of
the rapld heat extraction, the metal surface cools down resulting in a
decrease in AT. In the £41lm boiling fegima. a dectrease in AT results
in a decrease in the heat f£lux until minimum heat flux in film boiiing
regime results. Any decrease in temperature results in an increase of
heat flux leading to an unstable condition (transition regime) until
peak heat flux is attained.

S - —
0 Maximum flux for , /F
nucleate boiling v o
C Y P : g
— N g.'{/
T -
Got—- AU
«
=)
3
:« 104 BYoo _
* A-8, Natural convection
B-C, Nucleate boiling
C-0, Partiol film boifing
DEF , Fitm boiling
0¥ [4 {
! 10 10t 103 104
af,deg F

FIGURE Vi -1

Heat Flux Vs. Temperature Difference for Water Boiling
(at 212 °F) Over an Electrically Heated Wire

Using the above physical pilcture of the cooling, a thermal model
has been worked out to cbtain the temperature history of the metal wall,
It is shown in Appendix 1 that the heat content of the vapor in the
vapor phase, when compared to the heat content of the shell wall
(in contact with the vapor), is negligible. In other words, the steel
wall contains most of the heat that has to be extracted, and therefore
the cooling rate is primarily determined by steel thermal properties,
With this in mind, we impose an adiabatie boundary condition for the

inner face of the shell wall,
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Model:

Figure YIjZ’qboua gchemqtically the basic features of the model.

Initially, the temperature across the thickness is aaauﬁad to be
uniform* at Ti.' As soon as the water is applied to the outside
surface, film bpiiiqg ensues with the surface temperature dropping,
and a temperature-distribution establishes 1taelf." o o

We deqote,thef:hermal penetration depth by 8. In oxder to
calculate the cooling process, we agssume a temperature dist+ibution
within the steel and equate the rate of change in the heat content of
the system to the heat flux out. Using this relationship, we solve
for the surface temperature and internal temperature changes. It
is, hawevgr,:to be kept in mind that in film boiling region, the
heat flux from the wall depends on the temperature difference
between the wall aci the water saturation temperature. These are
11lustrated in the following steps. Appendix B indicatee the relation-
«...p between the heat flux and temperature difference.

Model, _
We assume the following temperature profile within the ateel: .

T-T 2
5. . |2 X ] for x < s {1a)
Ty = T [51 us,’ -2
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Temperature /]
/ 3
7 N
7 - f
; Boiling Water at T,
7
7
/)
%
7
/7
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tact with Vapor)

FIGURE VI-2 SCHEMATIC DIAGRAM ILLUSTRATING THE COOLING
OF TANK WALL DUE TO BOILING OF WATER ON THE SURFACE
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; . where Ti = the initial uniform temperature

'rs B Tg(t) = the time dependent surface temperature
: X = thickness direction distance measured from the

! : surface ’
i g : 8, = .thermal penetration depth (see Figure 2) which
i ‘ is a function of time

75.2 ; . T=T forx2s, (1b)

. X where 8, = Aistance at which the the temperature is T, and also the
L ' : slope of the temperature profile is zero.

. i It can be shown eacily (from slope and temperature conditilons) : }

:a ' : that for the profile chosen in equation la, §

2 ! s, = 28, (2) .

» The heat content of the steel above the boiling temperature f.g

?“ of water is given by ]

- E

" - - 3
Q"(t) = pc S (r Tsat) dx 3 §
x=0 2
'3
Also, we have from the heat flux condition at the surface ; 3

; q"(t) = k (2—1) ' (4 f

; % !

. x=0 1

Energy Balance i g

_t - dg" = 'n 3

: dc ¢ (5)

. .3
q"(t) is related to (Ts - Tsat) by the boiling heat transfer corre- %
lations given in Appendix (, Using equations 1 through 6, together |

-
with the correlations in Appendix B, we can obtain a timewise descrip- : §

? tion of the surface and internal temperature. The calculation procedure !Aj
is shown in Appendix 0, and the results are given in Table O-1. g

*
Actual]y.\there.will be a 40°K temperature drop from outside to inside.
However, from the point of view of conservative calculations, we assume

uniform initial temperature distribution with the temperature equal to
the inftial outside temperature,
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DISCUSSLON

The ealculation results indicate that the surface of the steel
plate cools down fairly rapidly -- in about 2 seconds from an initial
700°K to 473°K -- and probably teaches the peak heat flux tefiperature
enk = 393°K) very shortly thereaftér. At the end of the film
boiling period, the thermal penetration depth is still less than half
the thickness of the plate (i.e., 8y < %L) indicaping that the back-
face temperature has not been affected by the surface cooling. Because
of this, there is close to 300°K temperature difference between the
outer and inner surfaces of the steel shell. This considerable dif-
ference over a relatively small thickness (1.5") may result in thermal
stresses, It is not at all clear what these stresses would do in addi-
tion to the hoop and axial stresses existing in the shell wall (due to
the pressure loading). Clearly, the structure will be loaded more
than when it is uncooled. Because of the additional stresses result-
ing due to thermal effects, it is quite likely that squirting water
on a heated tank may accelerate the failure time. At the present
time, there is no data to indicate whether water stream has a bene=

ficial effect or a detrimental effect on a heated pressurized tank.

The calculations in Appendix O also indi.ate that for a complete
cool down to peak heat flux temperature (20°C above boiling point of
water), the time duration is relatively short (of the order of a minute),
but this duration is long compared to the cool down :ilme in the film
boiling regime, In effect, most of the cool down duration will be in
the nucleate boiling regime.

CONCLUSIONS

A simple method has been worked out to calculate the water require-
ment for cooling down a typical propylene barge tank exposed to an
external fire over the top of the tank. It is observed that the water
requirement can be adequately met by conventional medium sized fire
boats. However, it is pointed out that most of the difficulty lies

in ensuring a uniform distribution of water on the tank surface.

The analysis 1s extended to determine the rate of cooling of the
tank wall and the temperature gradients set up. 1t is seen that the

surface temperature rapidly achieves the peak heat flux temperature
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for nucleate boiling. The time for further cooling of the entire
metal fs relatively long (about one minute) compared to the surface
cool down time., Because of the considerable temperature gradient that

-results due to the high heat transfer rate (due to the boiling process)

thermal stresses may result in the shell wall, These stresses, together
with the pressure load stresses, may, in fact, accelerate tank failure.

Therefpre, it is felt that only experiments can give a clear indication

of the effectiveness of water deluging a hot pressurized tank, from

the standpoint of safety.
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APPENDIX L

COMPARISON OF THE HEAT CONTENT OF STEEL
AND THE HEAT CONTENT OF PROPYLENE VAPOR

Heat content of steel per unit area above 60°F when the mean
temperature is 700°K (800°F)

w chp(T - Tatandard) - (%é%) x (8.3 x 62.4) x 0.12 x (800 - 60)

= 5748 Btu/ft2

Mass of vapor in the ullage volume after 10 minutes of exposure
to fire on the top is calculated below.

Ullage volume fraction = g = 0,13

Pressure

p = 275.0 psia

Saturation temperature of T - 115 F
propylene at 275 psia sat

Mean vapor temperature - 113+ 800 460°F

2
Mean heat capacity (Cp) of
propylene vapor over the
temperature range 0 to 600°F

6.45 Btu/lbm F

Density of vapor at 275 psia _ 275 Y4520} _ .3
and 460°F (1.4 x .0764) {7755 \555) = 1-13 lbw/ft

Volume of tank over unit - 2 . 3
axial length (inner volume) m/h x (14.75)" = 170.87 f£t7/ft

Volume of vapor per unit

' 3
axial length 170.87 = 0.13 = 22,21 ft~/ft

Hence, heat content of vapor per unit axial length = volume of gas
per unit length x density x C X temperature excess over stan-
dard temperature = 22.21 x 1013 x 0.45 x (460 - 60) = 4518,14 Btu/ft
If this heat 1s distributed over the surface of the fire exposed
steel surface par unit axial length, then the heat content of vapor
per unlt steel area is given by

4518.14
nx 15

heat of vapor/ft2 of steel = 5oy = 230 Btu/ft2

360,

When this is compared to the heat content of steel per unit surface
area, we have

i Tt
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Vapor heat per unit steel area - 230
Steel heat per unit steel area 5748

= 0.04 = 4%

The above calculation indicates that the heat content of vapor can be
neglected compared to the heat content of steel; that is, in "cooling
of wall" calculations, the boundary condition for the inner wall sur-

face can be considered to be adiabatic without too much error.
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APPENDIX M

WATER

BOILING HEAT TRANSFER CORRELATIONS FOR POOL BOILING OF

The correlations given below are derived from the data published
in the Handbook of Heat Tranafer3(pages 13-28, figure 24a) and from ref. 2.

Peak heat flux q" . = 3.8 x 10° Bru/hr £t°
peak
- 1.2 x 10% w/m?

Let AT = Twall - Tsat

(

- o _
{(AT) at) 20°K for water

Toa11 = Tg

at peak
heat flux

peak =

AT
Let e " ———————— (M_la)
(AT)peak

and q= -3 (M-1b)

qpeak

Nucleate Boiling Region

5°K < AT < 20°K

iQeC 0.25 < e < 1

3 .
: ' AT i
" = q,, T L (M-2) }
peak (AT)peak | :
: §
i.e. q = 63 (M-—3) ’ j
Transition Region f
20°K < AT < 100°K
i.e. 1 <0 <5 #
3 . ) T -1 ;
‘N IR 1} o
: 9 qpeak 20 (M-4) i
i.e. q™= %" (M“S) é
D ;[




e ;
= | r i
= [ M i

-100°K < AT < 500°K
le. 5<0 <25

é" - ;" A’r_. 0.25 - ] AT . 0.25
transition | 100 0.2 qpeak 100 (¥-6)

l.e. g = 0.134 p0+25
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APPENDIX O

Before solving equations 1 through 6, we nondimensionalize the
equations. We define the following dimensionless parameters:

9 eak
T)peak

the steel

a = thermal diffusivity of steel = %z
6 = (r- Tsat)/(AT)peak
1)
q = 34— = dimensionless heat flux
"

qpeak
£ = x/L = dimensionless coordinate distance
§ = 8;/L = dimensionless thermal penetration depth, .
B = Biot number corresponding to peak heat flux = % 7

L2
t , = characteristic time = <
ch a

r = t/tch = dimensionless time

8 ~ GS
¢ = .=__..:_._

ei es
- "
Q = *——£L-ﬁ=ﬁ— = dimensionless heat content in

"
tch qpeak

Hence, equation l-a becomes

B - 65
¢- — =
6i GS

for £ < 248

¢ =1 for &

£ &
[ 462

> 28

Equation 3 becomes

A
pel( T)peak

28

=Sedg=91(1-26)+J odg

&=0 £=0

Substituting equation 0-1, we have

DcL(AT)peak

26

- 91(1 - 28) + (ei - es) J' (_
£=0

£

(0-1)

(0-2a)

(6-2b)

(0-3a)

(0-3b)

i
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i i

gt

ikl

a1l el

i
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4
- 91(1 - 26) + (61 - 09) § 3 + Gs 26

péi(AT)peak = Bi -2/38 (9i - 05)

q = TL—‘ = % [61 -2/3¢ (6, - 99)] (0-3¢)
qpeak t"ch

Equation 4 becomes

k (AT
an e (2

L q"

peak £=0

Substituting for © from equation 0-1, we have

A TL (0-4)
q B 5
Equation 5 becomes
4Q 0-
dr 1 (0-5)
From boili.g correlations for film boiling from Appendix M, we have
q = 0.134 92'25 (0-6)

Solutions for es, 5, §, etc. as functions of time are not possible to
evaluate completely analytically. What follows is a graphical method
of calculation. The steps are illustrated.

1. Choose a value of es slightly lower than g,.
2. From equation 0-6, obtain q.

3. Froem the q that is calculated and with known values of

B, , and es, § 18 calculated from equation O-4.

8
4. From known values of 8, 6, § and B, Q is calculated from

equation 0-3c.

5. The calculation is repeated for several values of Bs until

§ becomeg 0.5 (i.e. the temperature profile is fully developed).

6. A plot of q vs, Q is made from the table of values generated

for each 8
s

I Jim‘
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§
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: §
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§
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7. The time for reaching a certain 0s is then calculated using

equation 0-5 &g

Unitial
Q..

— q

Q

Table O-1 pives the values obtained from the above calculations, using

.

. " L
Yv . B = quﬁk - = 3.8 x 105 X (1-5/12) = 140.37
£ (AT)peak k 36 x 9.4
i 2 2
i - L o £1.5/12) 7 =
s 3 ton D) WA x (8.3 % 62.4 % 0.12) x 3600 = 372 secs
‘.)i 1 ." = 5 2
! 9peak 3.8 x 10° B/hr ft

- on o [
ATpeak 20°C = 36°F

Initial Steel Temperature Ti = 700°K

Ty~ Tear _ 700 - 373

i (AT)peak 20

0 = 16.35

The variation of the total heat content Q with heat flux q is shown
in Figure VI-3 for the values given in Table 0-1.

The calculations of temperature profile within the steel when the
surface boiling goes through transition boiling regime and the sub-.
sequent cooling in the nucleate boiling regime is exceedingly diffi-
cult. However, it can be said that because of the instability of
temperature (with the heat flux) in the transition regime, the surface
temperature very rapidly reaches the temperature corresponding to peak

heat flux in nucleate boiling regime.

Even under the comservative assumption that the peak heat flux

is maintained at the surface, the time taken to cool the entire metal

down to T eak is somewhat longer than the cool down duration in the
film boiling period.

For example, Q (when the entire steel 1s at T = Tpeak' i.e., 6 =1)

= 1&3 37 = 7.13 x 10-'3 (8ee equation 0—3a)

o [ =

.

Heat flux = q = 1 (because q" = &;eak)
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Then time taken to cool down from

Qypiay = 000947 (end of film boiling regime)

= PP X
to innal 7.124 x 10 © for given time

' -3
prow Q097 - 7120 x 30 ) o g 958 x 1072

f.e., At = 8,756 x 1072 x 372 = 32.58 secs

In general, the cooling time to Tpeak temperature 1s greater than the

32,6 seconds indicated above.

282




Nomenclature

q". 1
= Biot number = 258K (sae equation C-1)

B
(AT>peak k
¢ = gpecific heat st constant pressure for steel
k = thermal conductivity of steel
1L = thickness of propyiene tank shell
p = pressure
Q" = heat content (above water saturation temperature) of the steel
per unit surface axca
"
q = dimensionless heat flux = gT (Se¢e equation C-1)
]
qpaak
¢" = heat flux per unit of outer surface area of tank shell (used
with subseripts, fire, peak), When used without subseript, it
represents bollipne heat flux to water.
S1 = thermal penetration depth confunction of time
AT = T -
T=T Tsat
T = temperature (used with subscripts)
t = time
L2
t , = characterigstic time = —
ch a
x = thickness direction coordinate
; = volume rate at which water ia squirted

Greek Letters

a =
B = ullage volume fraction of tank
§ = dimensionless thermal penetration depth = sllL (See equation C-1)
8 = dimensionless temperature difference (T - Taat)/(AT)peak (See equation C-1)
A = heat of vaporization of water
g = dimensionless distance = x/L
p = density of steel
v = dimensionless time = t/tch
¢ = temperature ratio = g;;L;a%s
283
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thermal diffusivity of steel = %;
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: Subsceripts
E peak = refers to peak heat flux condition
_§ sat = saturated condition of water
: s s outer wall surface
f; i = initial condition (before water application)
fire = fire condition
§
4
|
' 1 284
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CHAPTER VII

REACTIVE CHEMICAL MODELS

OBJECTIVES

The objectives of the analyses presented in this chapter are to con-
slder three chemicals having considerably different types of reactioms
with water and to develop methods to obtain reaction rates or dissolution
rates; also to identify the products of reaction and their quantity of
release.

INTRODUCTION
Some chemicals shipped in bulk and included in the CHRIS list of

chemicals are classed as reactive. This generic term has a broad
meaning. For example, derivatives of acrylic acid are considered as

reactive, but polymerization rates are normally so low that other
branches of the hazard assesgment tree are more appropriate for
spills in ambient water (or on land). Polymerization ls lmportant
only in selected temperature and pressure ranges, and normally, a

catalyst 1s also necessary.

In contrast, other chemicals decompose rapidly when in contact
with humid air or water. At one extreme, chlorosulfonic acid (ClSOZOH)
decomposes to form sulfuric acld and HCLl in a rather violent manner
when gpilled in water. Clearly it 1s not appropriate to consider
ClSOZOH a8 & single chemical when in contact with water. Then there
are several important chemicals which react with water at slow to
moderate rates to form secondary products. Phosgene (COCly)) forms co,
and HCL in contact with water, but the hydrolysis rates are such
that one must consider the simultaneous dispersion and reaction of
CoCls, 002. and HCl should thig material be spilled into water. For
this last class of chemicals, each material must be treated as a
special case since chemical reaction rates vary significantly, and
few general rules may be formulated.
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In this report, we have chiosen three reactive chemicals and
discuss in some detall how one may predict their dispersal and hazarda.
One is chlorosulfonic acid which, as noted above, reacts very rapidly.
The other two, phosgene and nitrogen tetroxide, are illustrative of
S cases where reaction rates are moderate and the dispersal hazards due
= both to the original chemical and to the reaction products must be taken
into consideration. All three chemicals selected are important inter-
mediates in the chemical process industry and are shipped in substantial
quantities.

We first discuss the physical and thermodynamic properties of each,
including the rates of solution and thermal effect and, in a later sec—
tion, indicate how these basic data may be employed to determine the

DTN T KT T

dispersion and hazards which may result from a spill.

THEORETLCAL DEVELOPMENT
T ¢ Chemicals Selected

5 1. Chlorosulfonic Acid

Thig acid may be considered as the acid chloride of sulfuric acid,
i l.e., one chlorine has replaced a hydroxyl group. It is an important
chemical in the production of synthetic detergents, drugs, and dyes.

As shipped it 1s a c¢clear, colorless mobile liquid. When in contact
with moist air, it fumes strongly and, with liquid water, it reacts
quite violently and rapidly in the following manner:

20 = HZSOA + 2 HC1

Presumably the fume noted above consists of fine droplets of sulfurie

ClSOZOH + 2 H

acid suspended in alr; as such, these fumes are very damaging to nasal
passages and lungs.

The liquid freezes about -80°C and boils (with some decowposition)
at 150~155°C. At 20°C, the vapor pressure is quite low (circa 1 mm Hg)
The liquid is moie dense than water (1.75 g/cm3 at 20°C) so for large
8pills the chlorosulfonic acid would simultaneously sink and react.

Should the spilled acid contact combustible materials, ignition

may result since it is a powerful oxidizing agent.
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The heat of solution in water to form aqueous H2504 and HC1 is
40.3 kcal/g mol or 623 Bru/lb of acid. Reaction is extremely rapid.
The HZSO4 formed is essentially nonvolatile (though if small mist
droplets are formed, they are persistent), but the HCl product is

IS B

volatile though qulte soluble in water.

Spills under a large head of water would probably result in
little vapor formation; any HC1l and steam generated would be absorbud
or recondensed before reaching the surface. 8Spills into water or =
spllls under water in a shallow basin would quite definitely result in fi,
a significant fume of steam, sulfuric acid, and hydrochloric acid which F
would move downwind and only slowly be dissipated. Large spills in a
local area could, in fact, generate so much steam and hydrochloric acid
vapor to resemble a flameless explosion and contaminate large areas
with this very acid and oxidizing material.

The hazards are, therefore, of several types:

1, Sulfurice acid product will remain largely in the water though
if there is significant concomitant HCl vapor production, some sulfuric
acld will be entrained as a mist.,

2. Hydrochloric acid will be formed as a vapor but will
dissolve in the water as it rises toward the surface. Vapors of this
acid are more dense than air and will disperse with difficulty; the
problem is exacerbated if there is any stoa fume pregent as this will
lead to an even denser vapor plume.

A very large amount of water must be avallable to dissolve the
reaction produvcts without large temperature rises or steam evolution. )
As an approximate rule, at least 10 lbs of water/lb acld are necessary ?i

to keep the increase in water temperature below 65-80°F. For a 1000-

gallon spill, some 15000 1bs of acid are involved and, with the rough
rule given above, 150,000 1lbs of water should be immediately available.
(18,000 gal = 2400 £e3)
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2. _Phosgene

Phosgene, 00012. is a colorless liquid, when pure, but is usually
described as being pale yellow to green as it is lnvariably slightly
contaminated. In very dilute concentrations, the odor is not unpleas-
ant and 1is often described as similar to new-mown hay. In more con-
centrated vapors, the effects are serious, unusual, and insidious.

The odor is perceptible to most humans when there 1s only 4 ug/liter;
irritation occurs at 40 ug/liter; and lethal concentrations are about
100 ug/iiter (30 min), Even in the more dilute ranges, subjects often
feel little distress while exposed and the phoszene enters the deep
lunga. Several hours after exposure, labored breathing becomes

evident and, in severe cases, death may occur from palmonary edema.

It is important to realize these delayed symptomg and enforce rest

with the attention of a physician after any exposure to phosgene vapors.
Exertion must be avoided even though the subject feels normal after
removal from areas where there are phosgene vapors.

Very delayed symptoms may occur if the subject 1ls exposed to the

odor of cut grassg or green corn,

These interesting effects have been utilized in the use of
phosgene as 4 war pgas; today phosgene 1s dan important chemical inter-
mediate in the manufacture of many chemicals.

It is a relatively low boiling liquid (8°C at atmospheric pressure),
and it freezes at -128°C. It is more dense than water (1.39 g/cma)
at 20°C. There is an interesting possibility that a phosgene spill
into water at 20°C could result in a non-boiling pool 1f the water head
exceeds about 20 £t since the pressure of the water at this depth
essentially equals the vapor pressure of phosgene at 20°C (23.4 psia).
Spills in lesser depths would result in rapid boilingi the heat of
vaporization i about 106 Btu/1b.

In addition to this phase-~transition effect, nlosgene reacts with

water:

COCl2 ) + HZO (R) = 002 (g) + 2 HC1 (g)

i

=




For this reaction (at v 18°C), the standard heats of formation atre:
AH°f (18°¢)

keal/g mole Compound
-58.0 00012 (%)

Thus,; the heat of reaction is
AH = <94.4 + 2(=22,0) =~ (=58) ~ (-68.4)
e ~12 kcal/g-mol cocl,
= -218 Btu/lb coc,

In addition, {f the HCl dissolves in the water, there is a further
heat effect which can be estimated as

-17,500 cal/g~mole HCl absorbed.

For the redctlion as shown, two moles of HCl result per mole of phosgene,
50 the maximum energy liberated from the HCl solution is

-17,500 x 2 = -35,000 cal/g-mole cocl,
= =637 Btu/lb COCl2

Thus, the heat of solution of product HClL could, in fact, exceed the
heat of reaction -- though some HCl would, in all probabilities, escape
to the air. Also, the heat of solution would be absorbed over a larger

volume of water as the gas bubbles rise towards the surface.

The rate of hydrolysis of phosgene is relatively rapid when water
is in excegs and there is vigorous agitation. Strong acids reduce
the hydrelysis rate and bases accelerate it. Lime slurry addition is
an effactive way to neutralize the product HCl. Upon occasion, it has
been reported that there is an "induction'" period after COCl, and water
have come into contact before significant reaction. (This may have
been the result of a gtagnant layer of strong HCl at the interface

which prevented reaction.)
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2 The rates of hydrolysis have not received extensive study.
Manogue and Pigfordl studied the kinetics of abeorption of phosgene vai
inte water at temperatures between 16 and 45°C. The reaction rate
_ was found to be approximately first order, and the rates a strong
: function of temperature. Thus, the rate of disappearance of phosgene
(C) may be expressed as

dc/dt = k C L

(1f solution occurs in an alkaline medium, this first order expression
may not be valid unless a large excess of hydroxyl ions are present.)

? At the lower temperatures (16-25°C), the rate of reaction was

' slow and the mechanisms of dissolution could be well approximated by
s two independent steps, i.e., physical dissolution of 00012 into the
water, followed by slow decomposition within the water phase. Thus, : ;}
there is little enhancement of the dissolution rate due to reaction.

This is not true at 35-45°C where the reaction influences (and increases)

TR

the rate of dissolution.

The solublility of phosgene as well as the diffusivities and
reaction rate constants are shown in Table VII~1 as a function of
temperature. From the solubility data, the heat of solution (without
reaction) was estimated to be about -6800 cal/g-mol (~124 Btu/1b cocl,) .

This is a rather large heat of solution, and some reaction may have

N ‘.u@‘umu‘ﬁwﬂm,,mmm““‘: il

i

Tt

occurred to yield this value.

The use of these data to estimate reaction rates and dispersion

is discussed later.

3. Nitrogen Tetroxide

Nitrogen tetroxide (N,0,) is a volalile liquid that boils at
21.1°C (1 atm) and freezes ai -11.2°C. The liquid range at one '
atmosphere is, therefore, quite small., It is difficult to obtain in a
very pure state but, with little NO digsolved, the color is described
ag reddish~brown, while with NO present there is a characteristic green
tint. The heat of vaporization is 9110 cal/g-mole N204 (178 Btu/1h),
and the density of the liquid (at 21.1°C) 1s 1.45 g/cms.
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TABLE VII-1

Phosgene Solution in Water

T g

Solubility Diffusion Coef. k =
1, °C g-mol/liter-atm em?fs 8-l 3
: 15 0.109 9.6 x 107° 3*
f 25 0.069 12.7 x 1078 6%
E 35 0.046 16.1 x 1078 22 y
: 45.5 9.027 20,4 x 1078 75 7

*
Estimated from higher temperature data
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Vapors from tho liquid decompose very rapidly to form an equilibrium
mixture of N02 and Nzoa, il.e.

N,0, § 2N0,

At 21.1°C, the equilibrium mixture contains about 15% Noz and, at 100°C,
about 90%. The time coustant for this reaction is less than 1 us.

Liquid Nzoa is a powerful oxidizing agent, and either liquid or
vapor is toxic to life. Contact of the liquid with combustible material
may lead to ignition and, if spilled on the skin, severe burns result.
The symptoms of N204 (N02) inhalation are similar in some ways to phosgene
as discussed above. Pulmonary edema may develop some time after expo-
sure, and with breathing difficult, serious cyanosis symptons may be
noted,

The liquid contains essentially 100% N204 (very little N02). 1t
i8 more dense than water and will sink if spilled into water. It
reacts with water in a complex manner. The current theory indicates
that reaction occurs in a two-step process. Yirst, the Nzoa forms

nitrous and nitrie acids,

4 -
Nzo4 + Hy0 > HNO, + H' 4 NO, )

and the unstable nitrous acid decomposes more slowly to form nitric

acid and nitric oxide,

JHNO, > H0 + wt o« NO,” + 2N0 2)

The net reaction is then

3)

+ -
3N204 + 2H20 -+ 2N0 + 4H + ANO3

These treactions occur in absorption colummns for the production of nitric
acid.

Few data exisgzon the reaction of 1liquid N204 with water. The
manufacturer warns = that water in large quantities will "promote the
rapid release of nitrogen oxides." Gray and Yoffe dindicate that

utider quiescent conditions, 1liquid Nzo4 and water form two liquid
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phases; at 20°C, the less dense contains water and about 52% N20
(largely as nitric acid) while the more dense contains 98% N20
the formation of the aqueous phase, NO is liberated.

Lowry and Lemon4 state that N,0, and 1,0 do not "dissolve" in

cach other but interact at the surface to form two layers.

4
4 In

The more
dense ig almost entirely N204 while the less dense contains aqueous HN03.

HNOZ. and some dissolved NO. This latter phase was found to contain

17.7 mole perceﬁt (52,3 weight percent) Nzoa. while the dense phase
had 98.1 welght percent Nzoa.

Dulon35 ag far back as 1816 described an experiment wherein liquid
N204 wag dropped into water. It fell to the bottow of the vessel and
became deep green; some NO gas was found simultaneously.

The reaction apparently occurs at the interface both for the case
of liquid Nzoa reacting with water or gaseous Nzo4 - NO2 absorbing in

water. The actual kinetics are in doubt. Gray and Yoffe 6,

and others
suggest the rate controlling step is reversible and may be written as

shown in reaction (A). Simple kinetics then indicate that

- %—; [¥,0,) =% {kf [8,0,)[4,0) = k_ [u*J[Noa'][HNozl}

The factor (3/4) is obtained by assuming that the decomposition of nitrous
acid in reaction (1) 1is rapid, i.e.,

4HN02 ZHZO + 2N203

2N203 = 2NO + 2N02 = 2NO + N204

4HNO

2 2H20 + 2NO + N204

Thus, for every mole of HNO3 formed, one-fourth of a mole of N.O

50, isg
reformed.

If we further assume that equiiibrium exists for the HNO2
decomposition,

IHNOZ] “ (.ccnstant)[Nzoa]l/4 [No]l/2 [H20]
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Substituting in (4), .
v N0, e o it oL Y brya1ll2py o112
ar 900 % § {ieIN0,010,0] =k, 1'31NO,TIIN,0, )Y 101 21 01 }

- % I,0,) =k, (IN,0,1 = © [N,0,1 4101 2 @
In the early stages of an abeorption, the [NO] concentration is low,
and it is & good asgsumption to simplify Bq. (7) to
(8)

4.
= dt [Nx0,1 = k(N,0,]

In words, one may interpret Eq. (8) as stating that for a pure
laver of Nzo4 on the bottom of a stream, the dissolution into water
flowing over 1t 18 a constant and proportiondl to the area of the pool.
This assumes, of course, that the concentration of N204 and 1its reaction

products are low fn the aqueous phase.

e Modelling of a NZQL Spill on Water

The properties and chemistry pertinent for nitrogen tetroxide

(N 04) were discusgsed earlier, The dissolution and dispersion of a

spill In water are now consideved. To our knowledge, no experimental

data exist with which to compare predictions.

As evident from the high density of liquid N204, spllls of this
chemical will 4llow pools to be formed on shallow bottoms. Dissolu-

tion and reaction are relatively rapid, with the production of nitric

acid and nitric oxide (NO) as end products. The nitric acid remains

predominantly in the water phase and disperses downstream in a manner
similar to other soluble chemicale; the nitrie oxide will, to a certain
extent, dissolve, but most will leave the aqueous phase and disperse
dovmwind.

Data indicate that dissolution rates are strongly dependent upon
the area of contact between the Nzoa bottom layer and the water.

The first {mportant problem is to estimate the rate of dissolution

for a pool of finite size and depth.
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With no exaperimentdl data to provide a gulde, we take two rather
extrene case models that represent limiting cases.

1. iInfinite Rate of Dissolution

In this case, we allow no resistance to exist to the transfer
of NZOA into the water phase, i.e., the water side interface is in
equilibrium with the denser NZOA layer. ¥From data discussgd earlier,
it is believed that equilibrium is attained when the water contains
about 50% (by weight) nitric acid. The rate controlling step is then
the molecular and eddy transport of this acid away from the interface
into the bulk water, i.e., the rate process ls controlled solely by the

masg transfer resistance in the aqueous side.

A 50% nitric acid solution has a density of about 1.3 g/cm3 and
a concentration of 10.3 kg“mol/mz. If the free stream is agsumed to
have a low acid level, the rate of transfer of HNO3 away from the water

surface is
N« k(10.3 = 0) kg-mol/m’s (9)

where k 18 the mass transfer coefficient in m/s. To obtain k, we make

use of "j" factor analogles for flow over a flat plate.

1/3 . "002
3 N“h/NRe L = 0.037 Np 10)
vhere
gp = Sherwood number = k L/D (11)
L = nength of pool, m
D = Diffusion coefficiont of nitric acid in water
NRa = Length Reynolds number = uplL/u

u = Free stream velocity, m/s

p = Free stream density, kg/m3

L = Free stream viscosity, kg/m s

N . = Schmidt number = u/oD
An estimate of the diffusivity of nitric acid in water yielded a value
between 3,5 and 4.0 x 10—5 cm2/s depending upon the concentration.
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Choosing D ~ 3.7 x 10"5 cmzls ® 3.7 % 10“9 m2/s. then, with the solu-
tion viscosity about 1.3 % 10ﬁ3 keg/m ¢ and the density 1300 kg/m3

- N _ 103 X ,10_“_3 e m
Nge = WOD 9556 % 3.7 ¥ 16=9 ~ 270

Let the atream velocity be 3 ft/s v L1 m/eand L = 10 o

Then,

o A1) (1300)(10) 47

Re 1.3y (10"3)

From Equation (2),
Ny, = 0.039) 10Ty 270y M3
- 9.5 x 10%
= KL/D = k (10)/(3.7 x 107°)
k= 3.5% 107 u/s
Them, N = (10.3)(3.5)(107°) = 3.6 x 10™% kg moles/m?s

1f L were only 5 m, N = (3.6 x 10—'4)(2)0°2 = 4,2 x 10—4 moles/mzs
This approximate calculation indicates the transfer rate when based
on a mass tranafer limitation.

2. Kinetic Model

In this case, we assume no rate limiting mechanism on the water
side, and all resistance is centered in the dissolution-reaction step at

the interface. The theory has only been developed for gas phase dis-
golution and reaction in which case an approximate solution is

N=p wk.p (12)
Nzo4 1
where
P = Partial pressure (fugacity) of N.0, at the interface, atm
N2°A 274 g
H = Solubility constant for N204 into water or dilute acids,

kg mole/m3 atm

k1 = Reaction rate constant, s“l
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T The diffusivity D is given above and 11\/6" can be obtained from experi-

mental data of Kramers et al. as 22,0 kg mole/m3 atm 51/2 at about

-
'i 20°C. At 20°C, the vapor pressure of the nitrogen oxide vapor
i ig about 1 atm, but it consists of an equilibrium mixture of NO2 and
N204. i.¢.,
v l o, % N,0,
L 1og X = ogloy o /Py 2y = 398 . 9.5696
: 2 2

at 20°C, K= 11.1

Since p +p = 1 atm, p v 0,74 atm
‘ Then, with Eq. (3)

YR K ow (0.74)(22.00(3.7 x 1079

1/2

. = 9.9 x 107% kg moles N,0, /n’s
3. Discussion

_ Since 3 moles of N 04 form 4 moles of nitric acid and 2 moles of
. NO, then the rate from case II must be multiplied by 4/3 to obtain an
equivalent transfer rate of HN03. The true rate will, of course, be
less than either from cases 1 or II, and a reciprocal mean is a good way

to comblne these results,

Ln a3 NII)“l + NI“1

N = 2.8 x 10°% kg moles HNO, formed/n’s

-4

= 2.1 x 107" kg moles N,0, dissolved/n’s

= 1.4 x 1074 kg moles NO formed/m%s

4. Example
Suppose 5000 1b N 0“ is spilled into water. This dis equiValent
to 2270 kg or 24.7 kg-moles NZOA. The density 1is 1450 kg/m or 15.8 kg-
moles/m . The volume gpilled is, therefore, 1.56 m3. 1f the pool
dimensions at the bottom were 5 x 5m, the denth 18 6.2 cm.
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By the estimates above,

N,0,

ettt

Nwi3.3x% 10~4 % 25w 5.3 x 1073 kg-moles/s

a 5,3 moles/s
= 1,2 1b/sec
HNO,
N=2.8x10% %257 x 1077 kg molea/s

7 g molee/s

1.0 1b/sec

%

0

N = 3.5 moles/s = 0,23 1b/s
Pool duration = 24.7/(b.0 x 10“3) = 4112 ¢ = 68.5 mins.,

Although the pool dimeusions may shrink during dissolution, a
conservative prediction would assume that the rates given above for
HN03 and NO were maintained over the course of the dissolution.

o Modeling of a Phosgene Spill in Water

As noted for the nitrogen tetroxide case, no experimental rate
data are avallable to determine dissolution rates for liguid phosgene
dissolution-reaction with water. We will, therefore, consider again two
limiting cases. There 1s one other case, applicable to spills in shallow
water, and this is discussed last.

1. Infinit» Rate of Dissolution

In this case, no chemical reaction occurs. Phosgene 1s transported
across the interface as a molecular entity, and the water side is satura-
ted. The rate limiting step is the mass transfer of phosgene into the
bulk water ~-- where it will slowly react to form aqueous hydrochloric
acld and carbon dioxide gas.

From the data given previously, assume that the head of water is
sufficiently great that the pressure on the pool of liquid phosgene
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exceeds the vapor pressure. With the temperature V20°C, the vapor
pressure is about 23.4 paia » 1.6 atm, From Table3.l, the equilibrium
solubility is then about equal to (1.6)(0.09) = 0,14 kg mole/m>, The
rate of dissolution is, therefore,

N = k(0.14 - 0) kg moles/m’s (13)
with k in w/s.
The aqueous phase is quite dilute, so the properties of pure water
are used, il.e.,
p = 1000 kg/m>
belx10 kg/ms
> cm2/s

The diffusivity of phosgene, given on Table 3.1, is about 1.1 x 10”
- 1.1 x 1039 mz/e. Then, with Eq. (2)

-3
1lx 10 « 909

%

N, = /oD =~ -
(1000) (1.1 x 10

Using the same pool size as for the NZOA case shown earlier (L = 10 m)

and with the water velocity again 1 w/s,

N w bl . (1) (1000)(10) ;7

Re  w 1 x 1073
, 0.8 1/3
Then Nsh s (0.037)(107) {909)
- 14.3 x 10

%

KL/D = k(10)/(¢1.1 x 10~
k = 1.6 x 10~5 m/e

Thus, from Eq. (13)
-5 -6 kg-moles
Ny = 1.6 x 1077 x 0.14 = 2,2 x 107~ <BS288

m s

2. Kinetic Model

In this case, we assume that all resistance to transfer is in the
reaction-dissolution step. Eq. (3) is then applicable with
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Paocy. ™ 1.6 atn
2
H = 0.09 kg“moles/ms atm
ky = 4.2 61 (Tables,)
D « 1.1 % 1077 wl/s (rable 3.1)
N H (k1 'D)ll2 (See equation 12)

11 60612

o 1/
(1.6)(0.09)[(4.2)(1.1 x 10 7))
9.8 x 1078 kg mﬁles/mzs

3. Discussion

From examination of both models, it is clear that neither resistance
in the dissolution step mor in the aqueous mass transfer step 1s countrol-

ling. With reciprocal combination,

-1 -1 -1
N NI + NII

N = 1.8x 1076 kg-moles COClz/mzs
4. Example

Ucing the same case as for N204, let 5000 lbs of phosgene spill into
a stream where the temperature is about 20°C and the depth exceeds 20 ft.
3000 1bs 1s equivalent to 2270 kg or 22.9 kg moles. With a phosgene
density of 1390 kg/ma, this is equivalent to 1.63 ms. Let the spill be
5x 5 min size, The depth 1s then 6.5 cm., The rate of phosgene
dissolution is then estimated as

0.45 x 10—& kg-moles/s

N=6x10° x 25

0.045 g moles/s

3

9,13 x 10 ° 1bs/s

1

-4
The duration of the pool, assuming no area shrinkage, is 22.9/(0.45 x 10 ) =
5.1 % 10° g = 141.4 hrs.
As opposed to the rapld rate of solution for NZOA’ it 1is predicted
that phosgene only slowly reacts and dissolves -- providing that the liquid

head precludes boiling (see below).
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e Boilinp of Phosgene

As noted earlier, phosgene boils at about 8°C. 1If spills oceur in
a shallow bndy of water, boiling will ocecur. The liquid water will be
quite agitated and the heat of reaction is more than sufficlent to supply

=

Bl

the latent heat of vaporization. In this case, gas bubbles of phosgene
i will rise through the water., Some will react to form HCl and 002. but

‘§ the low solubility coupled with the expected high film temperatures

_ around each bubble will lessen the dissolution. 1In this case,

Ef ; therefore, rapid evolution of phosgene gas is expected in the near

S vicinity of the spill. It is hot possible to estimate rate of evolution
' since this depends quite strongly on the degree of agitation, the bubble ff

é; ! size, water temperature, and the head of liquid.

Should one assume no reaction to occur, then drops of liquid phosgene
would fall through water and boil. Estimates of the rate of fall yield -
» values of the terminal velocity of about 0.5 ft/sec.8 The low value . li?
of AT between the water and phosgene would indicate that boiling would | ‘
cccur primarily in the natural convection regime. For arops of liquid
phosgene with effective diameters over 1 inch, the quantity vaporized
during the desceut to 20 £t (the depth where boiling is suppressed)
would amount to only 10 - 20% of the drop. Thus, for the "no-reaction"

cage, vaporization is not important. However, if the liquid drops
were smaller and if reaction is allowed, significant vaporization of
the phosgene is possible during the fall to 20" fe. o experimental
data are available to estimate this effect in a real case.

Phosgene spillls present an interesting example of a dangerous chemical
which may react in different ways depending on the type of spill.
FEven for spills into deep water, some phosgene will be liberated from
flashing and from boiling in the shallow depths. The analysis, however,
predicts that if the pool 1s deep, dissolution becomes quite slow and
the hazard small. Water is acidified with HCl, and CO2 passes harm—
lessly into the atmosphere. . For spills into shallow water, a completely
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: ) different picture emerges. Boiling is violent and continuous, the
’ vapor 18 essentially pure phosgene, and the hazard to persons in the
near vieinity real and severe,

DISCUSSIONS

1
s P+ mm e

In this chapter the reaction of three chewmicals with water have

been considered. The chemicals chosen represent those that have slow,

moderate and violent reactions respectively.

‘ ‘ Chlorosulfonic acid reacts violeutly with water producing sto4

: and HC1l, both of which may disperse as fine droplets in a cloud.
Because of the rapidity with which the reaction takes place and because
of the lack of knowledge of the fractions of HZSO4 and HCl1 that may be

1T eI

g ' projected into the vapor phase, we suggest that for hazard estimation,
the total quantities of HCl and H2804 produced be used as the quantities
in the vapor phase.

TR g

Nitrogen tetroxide (Nzoa) which has a moderate reaction rate with
water produces HNO3 and NO as end products. N204 beiny heavier than
3 water sinks to the bottom of the water body and then reacts with it.
] This has been modeled with two dissolution controlling steps being con-

i,

W

sidered. One of them is based on mass transfer limited step and the

ompiiicl

other 1s based on the resistance centered in the dissolution reaction
step at the interface between the water N204 interface. It is suggested

that the actual rate of dissolution of N204 is probably equal to the

harmonic mean between the rates obtained when each of the i{ndividual

e ——
i

steps 1s taken separately.

In the case of phosgene spills, the reaction rate is dependent ?

on the depth of release. In the case of release at depths shallower

than about 20 feet, phosgene boils producing phosgene gas which may
escape without appreclable dissolution in water, On the other hand,
for phosgene release at depths greater than 20 feet, phosgene dissolves

slowly reacting with water, producing CO2 and HC1l. The latter phenome- :

non has been modeled also as a two-step reaction; one being controlled
by the mass transfer limits and the other by the kinetics of the reaction.
In the case of phosgene boiling, the rapid evolution of phosgene gas is
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expected in the vicinity of the spill., Since it 1is not possible at
present to estimate the amount of dissolution of this vapor in water,
we recommend that vapor hazard calculating the total quantity of spill
used as the amount present in the vapor cloud. It is, howaver, noted
that because of the extremely hazardous nature of phosgene gas, the

use of the above conservative approximation may lead to a grossly over-
estimated hazard, Only experimental investigation of the phosgene
boiling and vapor generation phenomenon can give definitive results.
Until such time as such data become available (on the dissolution of

vapor in water) it is better to err on the over conservative side.

The reaction of chlorosulfonic acid, nitrogen tetroxide and
phosgene with water have been c. ...dered. The first represents a
chemical that reacts violently with water, the second has a moderate
reaction rate, and the third has certain peculiar reactions with water
depending on environmental conditions. The reaction products from each
of these reactions are soluble Iin water. Because of the lack of ex-
perimental data the extent of disolution of the products are unknown
and have been calculated, where possible, using the well established
mass transfer and kinetic model theories. Suggestions have been made

regarding the way these reactions can he incorporated in the hazard

calculations.
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NOMENCLATURE

€ = Concentration of the Specie (kg ﬁbleﬁ/ms)

= Diffusivity of a specie in water (nzla)

e s o AR e © et b8

= Solubility constant kg mole/m3 atm

S R R

D
H
§ = Dimensionless mass transfer coefficlent (See equation 10)
k

A : = Reaction rate constant (sql) Also used for mass transfer
S - coefficient (m/s)

- Length of the chemical =

= Digsolution rate (kg moles/m? 8)

L
N
! N, = Reynolds number = upL/u
N,. = Schmidt number = v/D
N

oh = Sherwood number (equation 1l) = %L

o
K

Partial pressure (fugacity) of the specile at the interface (atm)

P = Density (kg/m3)
U = Viscosity of the solvent (N S/mz)

v = Kinematic viscosity of the free stream liquid (mz/s)
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